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Abstract

The techniques of determination of refractive indices in air are

presented. In Tucson, the surface plasmon resonance method is used for

the study of silver layers produced by different techniques. In Marseille,

the guided wave technique is used for the determination of anisotropy

and indices of several dielectric materials. The problem of the

uniformity of the thickness and of the index of a layer deposited on a

large surface is especially analyzed in the case of the Ion Assisted

deposition technique.

An overview of the last results obtained in Marseille and

concerning the study of the scattering is given. The theoretical

development performed for the interpretation of the scattering diagram

leads to information concerning the grain size of the materials.

The theoretical atomistic modelling of the growth process pursued

in Tucson would be a complementary tool to help in the understanding

of the microstructure of deposited films.

A survey of the results concerning OSA titania films study

obtained in Marseille is given.
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Introduction

The principal objective of the research under this contract was the

continuation of the collaborative research between the Ecole Nationale

Sup6rieure de Physique in Marseille and the Thin Films Group of the

Optical Sciences Center, University of Arizona. As was the case with

previous contracts of this kind, the research itself was funded from

other sources. The support under the contract was purely for travel

between the two institutions that was necessary to further the

collaboration. The order of presentation in the report corresponds to the

order of the items in the statement of work in the original contract

proposal.

Refractive indices in air

Work on measurements of refractive indices in air has continued.

In the Optical Sciences Center much use has been made of a method

depending on the measurement of a surface plasmon resonance in the

determination of the optical constants of metals. There are great

difficulties in the precise measurement of the optical constants of metals

especially in the multiplicity of solutions. Although ellipsometry has

been used successfully, the ellipsometric measurement of the optical

constants is complicated and there is considerable opportunity for

making errors in the determination of the constants. The surface

plasmon resonance method avoids many of the difficulties, the principal

remaining ones being simply that there are two possible solutions.

The technique involves the coating of the base of a prism with the

correct thickness of metal and the subsequent measurement of the

resonance that appears as a sharp dip in the p-polarised reflectance

beyond the critical angle (flg.1). The position, width and depth of the

dip yield the thickness and the constants n and k of te metal layer (fig.
2 and 3). The two possible solutions differ principally in the thickness

and the real part of refractive index, the extinction coefficient remaining

reasonably constant. The thicker solution is accompanied by a higher
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value of n. The difference between the two solutions decreases with
decreasing residual reflectance and disappears if the minimum

reflectance at the resonance is zero. Thus there is actually an advantage
in choosing a thickness that does not lead to the theoretically best result

of zero reflectance. This particular coupling arrangement is known by
the name of Kretschmann. There is an alternative coupling

arrangement, the Otto configuration, involving the deposition of a thick
metal layer on a separator plane substrate and the coupling into it by
means of an uncoated prism placed over it. Experiments have actually

been carried out in Arizona using both arrangements with the

Kretschmann configuration, although involving a more restricted range

of metal thicknesses, proving definitely superior.

We have been interested in the effect of ion-assisted deposition on

metals and in particular silver. With dielectrics, the effects of ion-
assisted deposition are almost entirely beneficial. Packing density is

increased to the point where bulk-like values are obtained. Anisotropy

due to form birefringence is reduced and the refractive indices
increased. Some qualitative experiments at the Optical Sciences Center

suggested that the effects with metal layers might not be so completely
beneficial and so a series of quantitative experiments was undertaken.

The results of argon bombardment of silver during deposition are

shown in figures (fig. 4 to 8). In brief the changes in the silver can be
correlated with the rate of transfer of momentum relative to the rate of
deposition of the layers. The parameters measured were the optical
constants n and k, (fig. 4 and 5) the degree of incorporation of argon in
the layers, determined by Rutherford Backscattering, and the lattice
constant measured by x-ray diffraction. The optical constants

systematically changed so that n increased and k decreased, increasing
the loss and reducing the optical quality of the layers The degree of
incorporation of argon increased. The lattice constant of the silver

increased over a narrow range of bombardment from a value somewhat
less than the lattice constant of bulk silver to a value somewhat higher.

,C. LL o W"
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The optical canstanits and thicknes were calcu-
lated using the nonlinear least square method.

n-.0723 k-4.142 d-50.1 nm
calulaedR

. ........ .... ........

MA - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

42.2 43.S 44.8
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Figure 3. The optical coagtg and thvckmaa of the dIlver film together with the
udculeied remnauc rining cloody the data in Figure 2.
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This suggests a change in the stress from tensile to compressive with

bombardment, which might be expected. A broadening of the x-ray

peaks suggests at the same time a decrease in the grain size.

Further experiments will be performed.

Concerning index measurements in air made, we give a brief

reveiw of the methods used in Marseilles before presenting the most

recent applications which are under development for the study of

dielectric materials.

The first method is based on the utilization of layer reflectance and

transmittance measurements over a wide spectral range, from which the

complex refractive index and the thickness of the layer can be

calculated. By using a particular model (index gradient) we can also take

account of homogeneity defects [1].

The second method is, to some extent, similar to that developed in

the Optical Sciences Center, but applied to dielectrics. This waveguide

technique involves coupling the light into the layer under study with a

prism. It is possible to calculate the optical constants and the thickness

of the layer from the coupling angles. This second method has been

developed in Marseilles. For practical reasons, it effectively works with a

sinp'e wavelength (. = 632.8 nm, wavelength of the He-Ne laser). In

spite of this limitation, as compared with the spectrophotomaetric

method, it has several advantages :

- the accuracy obtained on the index values is greater;

- we can easily detect any trace of anisotropy in a layer by

comparing results obtained for the two polarizations

- finally, provided some rather plausible assumptions, this

characterization method can apply to multilayer systems.

In the preceding report for the US Air Force (15 Dec. 86), we

described the principle of the measurements; we will present some of

the more significant results obtained here. for emphasizing subjects of

common interest for laboratories studying thin layers in the USA

(Tucson in particular) and in the Ecole Nationale Supdrieure de Physique

in Marseille.
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First, we recall in Table I a typical example of results obtained

with guided waves on 4 layers. They concern 3 materials: Ti02, ZnS and

Ta2Os. For Ta205 we can compare the indices obtained on the layer

produced by classical evaporation with those obtained on a layer

produced by ion assisted deposition. We have used the model of
Horowitz and Macleod [2] to display the anisotropy; ni, n2 and n3

(which corresponds to the direction of columnar growth) are the

principal indices. The measured thickness is d and 431 = n3 - nl; A32 :
n3 - D2; A21 = n2 - nl.

All the experiments clearly show that anisotropy is completely

correlated with the columnar microstructure of the materials. ThisI anisotropy A31 A32 clearly depends on the deposition conditions and

par.icularly on the incidence angle of the material flux on the substrate.

Let us recall that a rotation of the substrate during deposition notably
modifies the values A31 ..... In the case of a non-rotating substrate, the

columns are oriented in a well determined direction. Even if we have no

information on the geometrical conditions of deposition, it is sufficient to

study the conditions of guided wave propagation in different directions

along the surface to locate the particular incidence plane containing the

columnar growth direction.

Another important aspect illustrated in Table I concerns the layers

produced by IAD: for optimal deposition conditions, anisotropy is
i extremely weak. This can certainly be explained by the fact that the

layer is relatively more compact than a layer obtained by classical

evaporation. We will see later that this is a very good test of the

technique of Ion assisted Deposition.

And finally we emphasize that the measurement accuracy is such

that this technique allows us to study index (and thickness) variations of

coatings. In this way we have a characterization technique well

suited for studying uniformity in an evaporating chamber. We

will present here the results concerning IAD. However, it is interesting

to show how guided wave optics can be applied to multilayer systems

characterization.

i-



T10 2  ZS Ta24Os  TazOs

(AD)

us 2.320 2.349 2.119 2.151

02 2.321 2.351 2.115 2-151

2.3= 2.356 2.127 2.155

d(um) 422.4 506.9 429.9 269.4

Ain 0.037 0.007 0.90 0.004

S 0.036 0.005 O 12 0.004

An 0.001 0.002 -0.004 0.000

Refractive index anisotroy measured by gided wave technique of three
maulrials: TiO2, ZnS and Ta2OS. ThI Ta2O layer produced by ion maisted

depoition leads to a noticeable reduction of anisotropy.

I
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Multilayer systems

We attempt to answer the following questions:

- Compared with a single layer, is the structure of a layer modified

when it is sandwiched in a stack?

- What are the consequences on the values of index, inhomogeneity rate

and anisotropy?
With materials such as oxides, experiments are very critical. Due to

the dependence of layer refractive index on the deposition conditions, it

is not possible to start from the results of measurements concerning

successive evaporations of single layers and of multilayer stacks. So we

have developed a technique using a mask to simultaneously deposit
TiO2 onto different substrates. For example, on some substrates we will

have a single layer; on other substrates the layer will be inserted
between other layers of a different material (SiO2). Our main conclusions

are as follows (Table 1) for 1102:
When a 6H layer is under a L layer in the stack, ni and 112

increase slightly.
8nl = 8n2 = 0.010

On the other hand, index n3 (in the columnar direction) is not

modified by the "sandwich effect". In these conditions, speaking in terms
of anisotropy A3 1 and A32 are slightly reduced by the "sandwich

effect". With the couple Zinc Sulfide and Cryolite, this effect has not been

observed (see USAF 86).
With these results in mind, we tried to develope this

characterization technique to directly study complex systems of layers,

such as triple half wave Fabry-Perot filters. The problem becomes very
complex; one can find some information on our preliminary conclusions

in [3] one of our papers given in Tucson.

Application of the methods of index characterization

Our measurement methods are available for the enhancement of
international cooperation. Let us recall here the Ti02 investigation



stack Indices *d a nisotropy
I Iticknesses

I l 2.238 I a =0.062
2 U2.246 I 432 0.054 I

Iglss L 6H 3=2-3oo I A21-o.0os
I..__ d=444.4n I

I I n 2.24S I 432 0.09 I

gla 6B I 3a2.302 I 421=0.012
I I dz4487 nm

i I nl 224 I 431 = 0.055
I I R2M2.2 I 432 =0.0491

glasu 6H L U33=2.301 I A21=.006I I d=447.1 anI

i I nI 2.247 I = A = 0.0ss
I I n=2M6 I 42=0.046 I
glass L 6H L n3 = 2.302 I 21 = 0.009

d-445.2nm

Comparison of the anisotropy of Tio2 layers sandwiched in differentmultilayers.



prompted by the Optical Material and Thin Film group of the Optical

Society of America. The first results were discussed at the OSA Annual
Meeting in Seattle, October 1986. A complete review on this subject is
now available under the form of a paper written by Jean Bennett et al.
[4] which combines the results of different teams including ours. It is
an important compilation work and we are indebted to Jean Bennett for
having coordinated all these efforts with great attention.

Extinction coefficient

It is possible to use classical spectrophotometric methods to have
access not only to the real part of index but also to the imaginary part,
the extinction coefficient k. However, on this subject, we have some
problems with accuracy. The values of k(.) are generally very low, on
the order of 10- 4 . We have studied, in detail, this problem of precision.
In particular scattering losses can be of the same order of magnitude of
the absorption losses. In these conditions, the values of k(.X) extracted
from spectrophotometric measurements are unreliable. The form of
dependence of k on wavelength can give interesting information for
better utilization of our results. An article written by Borgogno et al
deals with this subject [5]; it was presented at the last conference in

Tucson and submitted to Applied Optics.

In-situ optical constants

In-situ measurements of optical constants have continued at
Marseille. As will be discussed in the next section, the ion-assisted
process has succeeded in removing much of the sensitivity of the optical
constants to process conditions and so in situ measurements of the
optical constants have been less necessary. A principal use of the
system has been in the comparison of the behaviour of the films before

and after venting.

II
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Differences between measurements in-situ and in air

Inhomogeneities in, and differences in, indices have always made

it difficult to construct precise coatings from materials such as the
refractory oxides. These materials have long been used for hard durable

coatings but for precise optical properties it has been necessary to make
use of the less durable but better optically behaved zinc sulphide and

cryolite. For coatings to be used exposed to the atmosphere these
materials have been of little use and they have always had cover slips
cemented over them. For applications such as multiplexing and
demultiplexing beam splitters, for example, titanium dioxide and silicon

oxide have been proposed because of their durability, but they have not

been acceptable because of their poor stability. Experiments in the
construction of narrow band filters, by ion-assisted deposition of these
materials have been carried out at Marseille.

An example of the results obtained is shown in figure 9. This is a

triple cavity filter of design:
glass HL HL 2H LH LH L HL HL 2H LH LH L BL HL 21 LH LH L air
The vacuum-air shift has been completely suppressed [6].

Deposition processes

Work on ion-assisted deposition in both establishments has continued.

In Arizona, the principal materials under study have been the fluorides

and some metals, particularly silver. The IAD of silver was carried out
by C.K. Hwangbo and of lanthanum fluoride by J.D. Targrove, both of the
Thin Film Group at the Optical Sciences Center.

The reduction in moisture sensitivity due to LAD is also illustrated
by the results obtained from magnesium fluoride-lanthanum fluoride
multilayers constructed for the near ultraviolet and reported in the

paper 'Ion-assisted deposition of lanthanum fluoride thin films" attached

as appendix II.
In Mareille the principal activity has been concentrated on TiO2

and SiO2 multilayers. The principal results in Arizona beyond what has .... .... ....
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been reported last time, has been first of all in the silver results,
reported on in section 2 above, and in the correlation with changes both
in dielectric and in metallic layers with total momentum rather than

energy transferred to the layers. Different energies and masses of
bombarding species have been used and the correlation with momentum
has been good while that with energy has been poor. Figures 10, 11
and 12 summarize the results obtained at Tucson on lanthanum

fluoride films.

In Marseille, we have given particular attention on the problem of
uniformity of deposits on coated surfaces of more than 20 cm in
diameter.

Even with classical evaporation, we have very important problems
of uniformity as soon as we want to make multiple cavity Fabry-Perot
filters with a relatively narrow passband (AX = 20 am). The tolerances
for realization of these filters are very strict. Owing to the optical control
monitoring technique used, we have the advantage of an automatic error
compensation during manufacture and thus, on the control glass, we can
realize well centered filters. But for the other substrates (or for other
points of the substrate holder), it is almost impossible to be sure of a
correct position of the centering wavelength. Also, we would like to
realize simultaneously a set of identical filters, all centered on the same
wavelength as the filter obtained on the control substrate.

This necessitates carefully positioning the different elements
(source, substrates, ...) in the evaporating chamber to meet very strict
geometrical conditions.

In general, we consider the uniformity U(z) defined as the ratio

between the optical thicknesses of a layer in two distinct points of the
coated surface: U(z) = E(z)/Eo where E0 is related to the center of the
substrate holder (the control glass) and E(z) to the point of abscissa z. To

obtain a good uniformity, the condition U(z) = I mu t be fulfilled for all
z. This condition implies uniformity on the index value and on the
geomtrical thickness. Obviously, we will have to consider the possible
local variations of microstructure of the deposited material, with all the

- _ -
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Figure 10 Thes refractive index of lanthanuim fluoride rias deposited by LAD with
vaious noble ga ion beam. all at 60 s&Alce current density and 500
eV energy.
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Fiue11 The refractive index of the lanthanum fluoride films at 350 nm plotted
against current density. Ion energy in all case is 500 eV. Agreement is
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Figure 12 The refractive index of the lanthanum fluoride films of Figure 9 plotted
as a function of the total momentum transfer rate in units of (AA/cmz)
(amu.eV)1I'. The agreement is good.
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implied consequences: uniformity defects in homogeneity. anisotropy

variations, etc ...

We have already described the technique of characterization used

(guided waves); let us see now the results related to these uniformity

problems.

With the more classical materials used for Fabry-Perot filters, such

as zinc sulfide and cryolite, the problem of uniformity of refractive
index is not very critical. The condition U(z) n I essentially concerns the

geometrical thickness of the deposits. nevertheless, we have displayed

the fact that U could eventually depend on time t: The evaporant

distribution varies during the evaporation and this can have important

consequences on the performances of the filters realized [7].

With materials such as oxides, indices depend considerably on the

deposition conditions and the problem of index uniformity becomes very

important.

We dealt particularly with layers produced by IAD (Ion Assisted

Deposition). Figure 13 and Table I give the distribution measured

for a TiO2 layer. The surface studied is about 20 cm in diameter and we

have, over the diameter, the law of index distribution (here we give n2

and n3, the principal indices with the model of anisotropic layer).

Together with the thickness distribution. It is interesting to compare

these values with those concerning the uniformity of the ion beam (see

figure 13), but the interpretation of the phenomena is still not complete .

In the case of single Fabry-Perot filters, these techniques allowed us to

improve the conditions of uniformity in our evaporating plant. For triple

half wave Fabry-Perot filters, tolerances are more severe and further

progress is still necessary.

Anisotropy

The experimental aspects concerning anaisotrcpy have been seen

in the chapter related to indices. We saw that guided wave

measurements are still of large use. In Arizona, the major work has been

in the development of software to calculate the properties of general
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anisotropic, absorbing and optically active multilayers. The objective has

been principally in the field of optical data storage and the system based

on the Kerr magneto-optical effect. However, the program can be used in

any application.

Scattering and surface roughness

Work under this heading has continued under several different

subheadings.

In Marseille we have an extremely high performance apparatus

for recording scattering curves (Measurements for the wavelength Xtj =

632.8 nm only). We have also developed a theoretical model, derived

from that of Elson and Bennett, to account for scattering in layers or in

multilayers. In this model it is assumed that interfacial roughness is the

main source of scattering. The validity of this model has been proved for

the problem we are interested in: coated or uncoated surfaces of good

optical quality.

A great deal of work (see USAF 86) has been devoted to the study

of single layers and we have extracted information on the "grain size",

one of the important microstructure characteristics for a material in

thin film form. The layers studied have been produced in our laboratory.

We have studied, for different dielectric materials, the dependence of

the grain size on the preparation conditions of the layers.

Concerning interfacial roughness, the granularity corresponds to a

correlation rate between the two interfaces, glass-layer and layer-air.

The models of layer growth simulation developed in Tucson can thus be

applied to compare our results, but this gives rise to numerous

difficulties.

Let us also recall the alminum overcoating technique: an opaque

aluminum layer is deposited on a dielectric coating, allowing the A

measurement of the scattering curve and thus the roeghness of the top

interface of the coating.

At Marseille, we have been particularly interested this year in two

different subjects:
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For the Optical Society of America, we have systematically
measured scattering on TiO2 single layers produced by some 20 different
laboratories. ( in fact, this is the continuation of the operation concerning

index determinations).
- On the other hand, we have extended our scattering studies to

multilayer systems, especially to quaterwave stacks such as mirrors or
Fabry-Perot filters. All these coatings are produced in our laboratory for
different applications (for exampie, demultiplexing in optical
telecommunications between satellites).

Multilayer study
Let us begin with this second aspect of our activity in Marseille.
L Calculations of scattering curves for a multilayer involve a great

number of parameters (in practice, 5 parameters for each interface: 4

parameters to describe the roughness and I for the crosscorrelation rate
of the interfaces). Evidently, it is impossible to determine each of them
from a limited number of experimental results. In a first step, we make

simplifying assumptions:I - identical interfaces;
- limitation to two extreme hypothesis corresponding to the cases

where the interfaces are completely correlated (a = 1) or totally

uncorrelated (cc = 0).
The Al overcoating technique on the multilayer allows us to

determine the 4 roughness parameters for the top interface, layer-air.
•The measurement of the scattering curve of the multflayer can then be
compared with the calculated values. We arrive at the following

conclusions with TiO2 and SiO2 materials:
For mirrors, we must admit that the interfaces are practically

correlated (fig. 14).
- For Fabry-Perot filters (single, DHW or THW), the interfaces are

uncorrelated (fig 15).
Contrary to appearences, these results are not inconsistent. This for

two reasons
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In a mirror and in a Fabry-perot filter, the same interfaces have
significantly different influence;
- Theoretically the state a = 1 which corresponds to a perfect correlation,

gives a spatial distribution law of scattering which is very unstable. The
effect of destructive interference disappears with the slighest trace of

uncorrelation.
Obviously, our model is overly simplified; we must consider

intermediate values for a (between 0 and 1), that is partial correlation.

And finally, experiments show that we must take account of the fact
that a is not a number but a function of the spatial frequency of the

defects.
Here also, all these considerations meet those which have

motivated the development in Tucson of the model of layer growth, and
this is an important subject of common work for the two groups in the
coming years.

Measurements of the OSA samples
A brief survey of the measurements made for the Optical Society

of America, on single TiO2 layers follows. We have tried to handle this
problem statistically, but we have had serious difficulties and the

conclusions can be subject to controversy. Fortunately, we have the
dynamic help of Jean Bennett to aid in this matter.
We must remember here that we have reliable experience concerning
the evaporation conditions for TiO2. Many results [8] have been

published on the grain size of layers made of this material, these results
having been obtained from scattering measurements. Our aim was to
apply the same technique to the mesaurements made for the O.S.A.

If we limit ourselves here to the opinion of the research workers
in Marseille on their measurement results, our conclusions are rather
restricted.

Starting from the measurements, the scattering curves measured
on TiO2 layer, and the scattering curve measured after deposition of
aluminum on these layers, we can calculate, by integrating in the whole
space, the total amount of light front- and backscattered by the layer,

____
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and the global front scattering for the aluminum layer. The comparison

of all these results shows a very large disparity from one layer to

another (fig. 16). It is obvious that the quality of the substrates is

involved perhaps together with the cleanliness of the studied samples.

From scattering measurements, is it possible to obtain information

concerning the microstructure of the material TiO2 ? On this set of

samples, we are tempted to answer no, because the necessary

experimental precautions, in our opinion, have not been taken:

- we have not an exact idea of the substrate quality;

- the dust particles on the substrate or included in the layer are

probably responsible for the measured scattering.

Of course, we have attempted to get a better utilization of our

measurements by studying the shape of the scattering curve, which is

very characteristic for some samples. Here we have only limited

conclusions. Jean Bennett keenly encourage us to question again our

point of view ... and obviously this discussion is only at its beginning. It

is thus a subject to which we will return. However, it seems interesting

to give our own conclusions: due to lack of experimental precautions, our

scattering measurements cannot lead to good information on Ti0 2 layer

microstructure; too many artefacts mask the interesting phenomenon. A

poster on this subject has been presented at the Tucson Conference last

April [9].

Publications - Participation in conferences

The Laboratory of Marseille was anxious to massively participate

in Conferences in the USA particularly those devoted to subjects related

to its own domain of research: The Boulder Damage Symposium (Nov.

87) and mainly, the Conference on Optical Interference Coatings which

was held in Tucson (April 1988). 8 persons of the laboratory attended

this conference; 6 papers (including an invited paper) were presented.

The manuscripts of these conferences have been submitted to O.S.A. for

publication.
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In appendix I, we give the abstracts of the papers presented at

Tucson. The complete articles are available on request. A copy of each is

enclosed with this report.

In appendix II, we give some other recent publications of the two

laboratories in Tucson and Marseille, which concern the subjects

developed in this final report.

Conclusion

The interest presented by the Ion Assisted Deposition technique

has been obviously a great motivation for the two laboratories by
involving them in the study of very different materials (Ag, LaF3 ,

Ta2Os,...).

Concerning characterization techniques of layers, we can note the
analogy between guide wave optics techniques applied in one case to
metals and in the other case to dielectrics.

Detecting anisotropy in the layers is a well advanced technique

and its application to multilayers is of great interest for both

laboratories.

Scattering studies in Marseille and studies of models for computing

film growth in Tucson must now meet together to study the

crosscorrelation laws between interfaces in a stack.

Application to studies of optical rough surfaces gives rise to

difficult problems and we have to pay a particular attention to solve

them.

References
I J.P. BORGOGNO, B. LAZARIDES, E. PELLETIER, Automatic

determination of the optical constants of inhomogeneous thin
films. - Applied Optics, 21, 4020-4029, (1982)

2 F. HOROWITZ, Ph. Dissertation, University of Arizona, Optical
Sciences Center, 1983
U. HODGKINSON, F. HOROWITZ, H.A. MACI EOD, M. SIKKENS, JJ.
WHARTON, Measurement of the principal refractive indices of thin
films deposited at oblique incidence, J. Opt. Soc. Am., 2, 1693-
1697, (1985)

<L



16

3 E. PELLETIER, F. FLORY, Y. HU, Optical characterization of thin films
by guided waves. - Invited paper presented at: "Fourth topical
meeting on OPTICAL INTERFERENCE COATINGS", April 12-15, 1988,
Tucson, Arizona - Submitted to Applied Optics

4 J.M. BENNETT, C. CARNIGLIA, &NE GUENTHER, E. PELLETIER, et al.,
Comparison of the properties of titanium dioxide films prepared
using different techniques. To be published.

5 J.P. BORGOGNO, E. PELLETIER, Determination of the extinction
coefficient of dielectric thin films from spectrophotometric
measurements. - Conf. presented at: "Fourth topical meeting on
OPTICAL INTERFERENCE COATINGS", April 12-15, 1988, Tucson,
Arizona - Submitted to Applied Optics

6 F. FLORY, E. PELLETIER, G. ALBRAND, Surface optical coatings by
Ion Assisted Deposition techniques: study of uniformity. - Conf.
presented at: "Fourth topical meeting on OPTICAL INTERFERENCE
COATINGS", April 12-15, 1988, Tucson, Arizona - Submitted to
Applied Optics

7 C. GREZES-BESSET, R. RICHIER, E. PELLETIER, Layer uniformity

obtained by vacuum evaporation. Application to fabry-Perot
filters. - Conf. presented at: "Fourth topical meeting on OPTICAL
INIEFERENCE COATINGS", April 12-15, 1988, Tucson, Arizona -

Submitted to Applied Optics

8 C. AMRA, G. ALBRAND and P. ROCHE, Theory and application of
antiscattering single layers; antiscattering antireflection coatings.,
Applied Optics, 25, 2695-2702, (1986)

9 C. HICKEY, C. AMRA, E. PELLETIER, Scattering study of single layer
titania films. - Conf. presented at: "Fourth topical meeting on
OPTICAL INTERFERENCE COATINGS", April 12-15, 1988, Tucson,

Arizona - Submitted to Applied Optics



APPENDIX I

Abstracts of the conferences presented at Tucson
(Optical Interference Coatings, 12-15 April 1988)



/

OPTICAL CHARACTERIZATION OF THIN FILMS BY
GUIDED WAVES

S. Pelletler
Ecole Nationals Suplddeure de Physique de Marseille - Laboratoire d'Optique des

Surfaces et des Couches Minces.- Unitd associe au CNRS, U.A 1120 -Domaine Universitaire
de St JMrdme - 13397 Marselle Cedex 13 - France

Abstract
The study of guided waves in a thin layer allows a precise characterization of

refractive Index and thickness. Optical anisotropy can also be measured. We show how this
technique can be applied to the characterzation of a multilayer structure.

I - INTRODUCTION
It is easy to justify the interest in a precise optical characterization of thin

layers: if we know their refractive indices with a good accuracy, we can correctly
predict the effective optical properties of a multilayer stack when the layer
thicknesses are previously determined. For optical coatings, it is a decisive step and a
main condition for obtaining the desired optical properties when attempting to

manufacture coating. However, all this is based on two. principles that are
unfortunately not always perfectly true:

-we know how to individually characterize single layers. The models used in

calculations do not accurately account for the microstructure of the layers,
particularly when they are obtained by classical evaporation.

the optical constants of a single layer are not perturbed when such a layer is
sandwiched in a stack.

Numerous studies have been developed for single layer optical

characterization. As a first approximation, It Is generally admitted that they are
homogeneous, isotropic, and with plane and parallel surfaces. In these conditions, from
an optical point of view, characterization is reduced to a simultaneous knowledge of the
refractive Index, which is a complex number, and of the thickness.

With the precision which Is now required, the above principles are no longer
sufficient.

In our laboratory in Marseilles, we have systematically developed studies
which avoid inadequacies of the model. Most of the results have been published in
different conferences:
J.P. BORGOGNO, B. LAZARIDES, E. PELLETIER, Automatic determination of the
optical constants of Inhomogeneous thin films. - Applied Optics, 21, 4020-
4029, (1982) - J.P. BORGOGNO, P. BOUSQUET, F. FLORY. B. LAZARIDES, E.
PELLETIER, P. ROCHE, Inhomogeneity in films: limitation of the accuracy of
optical monitoring of thin films. - Applied Optics, 20, 90-94, (1981) - F.
FLORY, B. SCHMITT, E. PELLETIER, HA. MACLEOD, Interpretation of wide band

E. Pelletler, Conf. Inv. Optical Interference Coatings - Tucson, April 12-15, 1988
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scans of growing optical thin films in terms of layer microstructure. -
S.P.I.E.(The Society of Photo-Optical Instrumentation Engineers) VOL 401, Thin Film
Technologies, 109-116, (1983) - J.P. BORGOGNO, F. FLORY, P. ROCHE, B. SCHMITT,
G. ALBRAND, E. PELLETIER, H.A. MACLEOD, Refractive Index and inhomogeneity
of thin films.- Appl. Opt., 23, 3567-3570, (1984) - P. ROCHE, E. PELLETIER,
Characterizations of optical surfaces by measurement of scattering
distribution, App. Opt., 23, 3561-3566, (1984) - B. SCHMITT, J.P. BORGOGNO, G.
ALBRAND and E. PELLETIER, In situ and air Index measurements: Influence of
the deposition parameters on the shift of T102/Si02 Fabry-Perot filters.
Applied Optics, 25, 3909-3915, (1986) - M. COMMANDRE, L. BERTRAND, G.
ALBRAND, E. PELLETIER, Measurement of absorption losses of optical thin
film components by Photothermal Deflection Spectroscopy, - The Hague,
The Netherlands, 30 mars-3 avril 1987 - SPIE PROCEEDINGS,"Optical Components
and Systems", 805, 128-135, (1987) - F. FLORY, HU YOULIN, E. PELLETIER,
Optical anisotropy of thin film materials measured with guided waves
techniques, Confdrence prdsentde A : *1986 Optical Society of America Annual
Meeeting" - Seatle, Washington, October 19-24, 1986.

Measurements by guided waves techniques, with their complementary aspect,
have an unquestionable interest, at least for studying layers in the surrounding
atmosphere.

Compared with the other methods, two essential advantages appear, in addition
to its inherently high precision:

- optical anisotropy can be detected without any ambiguity and
correlated with the layer evaporation conditions.

- this method can be extended to multilayer stacks. Thus it will be
possible to compare the refractive index in different environmental conditions: the
single layer, the layer on the top of a stack and the layer sandwiched in a multilayer
system.

Through several examples, we will give a rapid evaluation of recent progress
in the development of this characterization technique and show its potential interest for
future studies.

II - DETEAMINATION OF OPTICAL CONSTANTS BY GUIDED WAVES
TECHNIQUES

This method is summarized In figure 1. For the simple case of a single
homogeneous layer, light coupling Is made with a prism and we measure the
synchronous angles corresponding to the propagation modes. For an incident light with
wavelength Xo, there are, theoretically, two unknown parameters: the index n and
thickness d. Two values of synchronous angles are sufficient to determine these
parameters when the method of successive approximations is employed (fig. 2). If
more than 2 modes are present, our results can be verified: any chosen pair of modes

must yield the same values for n and d. 4,

E. Pelletier, Cont. inv. - Optical Interference Coatings - Tucson, April 12-15, 1988
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III - STUDY OF AN ANISOTROPIC LAYER
Layers obtained by classical evaporation exhibit a columnar microstructure. It

can be admitted that the medium has a biaxlal crystal structure (fig. 3) and the
problem is to determine the principal Indices nl, n2, n3 and thickness d. To solve

ai n~

gubstrate n

Figure 3

Columnar structure. model (after Ilorowitz and Macleod)

these 4 unknown values, we use the measurement of 2 TE polarized modes and 2 TM
polarized modes.

If we compare film samples, from substrates positioned in different places in
the evaporating chamber, and then simultaneously coated with a layer of low packing
density (material such as T10 2 ), we can show that the detected anisotropy Is directly

correlated with the Incident angle of deposited material.
This technique offers a way to compare the uniformity observed in coatings on

the calotte In the evaporating chamber, with variation laws concerning thickness, Index
and anisotropy as a function of the position on the surface. In addition, we can determine
the projected direction of the growth columnar axis on the surface of each sample.

IV - STUDY OF MULTILAYER SYSTEMS
The number of unknown parameters Increases rapidly with the number of

layers In a coating, and quickly becomes unmanageable. In the case of a multilayer stack
consisting of alternating layers of two materials, we can assume that Indices do not
depend on the position of a layer in the stack. This hypothesis can be verified by
measuring the different modes of propagation In. The problem is simplified by
assuming the optical thicknesses of the different layers are known. These thicknesses
can be calculated from spectrophotometric data obtained during monitoring of the stack
growth.

We will present some results comparing the refractive index of a top layer
with that of a sandwiched layer. In this study, it is difficult to account for anisotropy
and much theoretical and experimental progress must be made to further develop this
characterization technique.

E. Pelletler, Conf. inv. - Optical Interfewnce Coalings - Tucson, April 12-15, 1988 _______~~! _i



DETERMINATION OF THE EXTINCTION COEFFICIENT
OF DIELECTRIC THIN FILMS

FROM SPECTROPHOTOMETRIC MEASUREMENTS

J.P. Borgogno, E. Pelletler

Ecol. Nationl. Sup6rieure de Physique de Aanreile - Laboratoiro d Opique des
Swiacee et des Couches Aces - Unt6 assoaM au CNRS, U.A 1120 -Domanr Univarsitaire
de St Jdr*m - 13397 adrseife Cedex 13 - France

Abstract
Data obtained from reflectance and transmittance measurements are used to

determine the extinction coefficient. We show that accuracy Is limited by the substrate
quality and by Interface roughnesses of the layer.

Introduction
The complex refractive index of a thin layer is usually determined from

reflectance (R) and transmittance (T) mesuremoims over a wide spectral range. With
layers of low absorption, successive approximations methods are used for a
simultaneous determination of refractive Index, extinction coefficient and layer
thickness [1. In a recent publication (21, we have shown that we can theoretically
calculate ko,) from 1 - RO,) - TO.).

Here we deal with experimental results obtained for k(o) in the case of very
low absorption losses. These measurements are very useful for calibration of
absorption measurements by the photothermal effect (mirage effect) [31.

!1 - Some results
In the proximity of the absorption band, k varies rapidly versus X and, for

many applications, it is Important to determine tho decreasing law, together with the
residual value of k(o) in the transparent region. A typical example Is a T10 2 layer
given In fig. 1. The decreasing law Is quite apparent yet partially masked by a periodic
modulation. This modulation Is often In phase with the variation law R(,). Our goal Is

to find the origin of this defect in order to get eliminate it. The difficulty lies In the fact
that R and T measurements must be very accurate (errors lower than some
thousandths) If we want to detect extinction coefficients lower than some 10-4.

III - Analysis of the error origins
Two sources of error must be distinguished: a defect in the calibration of the

R(.) and T(;,) measurement, or a defect In the computing technique for the
determination of ko,).

J.P. Borgogno. Opca lnterference Coatngs- Tucson, April 12-15, 1988 j



II-1) Principle of the R(.) and T(X) measurements
The method consists in the ratio of two values obtained by two successive

meurements: first we measure the flux #c reflected by the layer, and then the flux
so reflected by the bare substrate. Knowing the substrate Index ns, we can calculate its
reflectance Rs and then, with the ratio #c/#o. determine R.

Obviously, if the substrate refractive Index Is not known with sufficient
accuracy, the value of Rs Is Incorrect, and produces an error in R. Practically,
transmittance calibration gives rise to the same difficulties, which must Include the
pwurbng phenomena due to the back surface of the substrate.

In all cases, a good quality substrate is of prime Importance; theoretically, the
surface must be perfectly polished, without a transition layer. We will try to show the
consequences of a scattering surface, or of a substrate perturbed by a transition layer,
but we will first examine the reasons why the calculation of k(.) can fall.

111-2) Method for determining k(;)
In our models, it has always been supposed that each layer was homogeneous,

4Isotropic and with plane par allel surfaces. In some cases, we have accounted for the
variation of the real part of the refractive Index In the volume of the layer; for this a
model with a constant index gradient Is often used [4]. However, with respect to

)absorption, it Is always Implied that the extinction coefficient does not vary in the
layer, but this hypothesis Ii obviously unrealistic.

For very low absorption, a serious difficulty arises from the fact that
scattering has been neglected. The relation A - 1 - R - T is valid only if scattering, D,
can be completely neglected. This Is not always the case, and furthermore, D should be
divided in two parts: the external scattering 0 which can be measured, and the volume
scattering 01, which corresponds to large angle scattering Inside the layer. Thus, light
Is trapped and aevn absorbed by volume scattering.

In these conditions, we write the energy balance as: R + T + A + Do + Di - 1,
where the value of A would be used for the k(;.) computation. Some numerical examples
can display the relative Importance of these different phenomena to explain the k(X)
modulation observed in our experimental results.

IV - Effects of a transition layer In the substrate and of layer Interface
roughness

Some examples will be given here to illustrate our conclusions.

IV-1) Transition layer
The BK7 substrate, index ns, is presumed to have a thin transition region,

Index nT and thickness e - 50 nm. This prevents the corret calibration of Rs and
perturb the measurement of R and T. As a consequence, we have a change In the value
of k. The results of a computer simulation are presented here: Ideally, we should have k
- 0; instead we obtain the graph given in" fig. 2; a modulation of k between 1.1o-3 and
a few 10-4 is seen. The extremums of k are practically In phase with those of R().

J.P. Borgogno, Opfital Int.r.,nce Coatng- Tucson, Aprl! 12-15, INS



IV-2) Consequences of scattering
In our laboratory, we can theoretically calculate the distribution law for the

scattered light.
For this precise application, we have used [51 the laws of variation of Do as a

function of wavelength by separately considering DOlR and DOT, which respectively
represent scattering integrated In the half-space near the front surface and the half-
space near the back surface. In a first apporoximatlon, we let the measured values of
reflectance R and of transmittance T be (R - DOR) and (T. -0DT) for the determination
of It.

A numerical example serves to display expected result.
On aBK7 substrate, the layer has an ndex given by n aA + BlX2 + CJl. 4

with A - 2.2382
8 -2.M4510 4 nm2

C -5.378 109 nm 4

The roughness of the Interfaces (51 Is given by a r.ms. of 3 nm and a correlation length

of 2000 nm. The Interfaces are assumed to be perfectly correlated. We successively

iterations, we can determine n(%), e and k(X) (given in fIg. 3)
We can thus conclude that both scattering and a transition layer In the

substrate play a role In the anomalous modulation of k(..) that has been experimentally
observed.
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SURFACE OPTICAL COATINGS
BY Ion Assisted Deposition TECHNIQUES:

STUDY OF UNIFORMITY

F. Flory, E. Pelletler, G. Albrand

Ecole Nationals Supdriour. do Physique do Atrseille . Laborstoire dOplque des
Surftm st des Couches Mice - Unt assocde au CNRS. U.A. 1120 .Domains UniverIafr.
de St Jr e. 13397 Marseile Cadex 13 . Franc.

Abstract
Uniformity of layers produced by I. A. D. strongly depends on the

characteristics of the ion beam: optical characterization is made by guided wave
measurements.

Introduction
For industrial applications, it is important to obtain uniform coatings on large

surfaces. To have this results, not only must the thickness of the deposited layer be
uniform over the surface, but the refractive index must also be constant. This last
condition obviously concerns both imaginary (extinction coefficient) and real parts of
the index for materials in the layers and also other parameters related to the film
microstructure at different points of the surface.

Spectrophotometric measurements allow us to carry out these studies, but the
characterization by the guided wave technique is very useful for a more detailed
analysis.

Ion Assisted Deposition
As in many other laboratories, we have developed the technique of Ion Assisted

Deposition, mainly for application in the visible spectral range, with material such as
oxides: To 2 , Ta20 5 , SiO2 ... [1], [2].

The primary advantage of this technology is to give layers with a very dense
microstructure. As a consequence, layers are practically Insensitive to the humidity in
the surrounding atmosphere. The problem Is to define the conditions of layer
realization. Our techniques of spectrophotometric measurements during deposition and
In the surrounding air show that the optical properties can be identical for these two
cases. The refractive Index and optical thickness are therefore stable, in contrast to
those layers produced by classical evaporation.

In many applications, it Is necessary to minimize losses due to absorption and
scattering; this leads to a detailed study of evaporation conditions together with the
various ion gun parameters used: current density, Ions energy, gas mixture (Ar and
02).

F. Fiey, Optal Interfenoe Coatngs - Tucson, April 12-15, 198
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Layer deposition uniformity
Is it possible to obtain the same uniformity as that obtained with classical

evaporation? We attempt to answer this qluestion by studying the conditions of ion
bombardment to have the best result. Classical spectrophotometric measurements allow
this study to be carried out.We show that characterization by guided waves is a
powerful means for extending this analysis.

The study is made on a plane disc 20 cm In diameter. we try to avoid
uniformity defects of about one thousandth.

From reflectance and transmittance measurements in air of different points of
the disc, we can determine the uniformity of the optical thickness of the coating. It is
possible to go further by computing 131, for each point of measurement, refractive
Index n.), extinction coefficient k() and thickness e.

For each coating, the law of uniformity can be represented as a radial
distribution where separately intervene n as a function of the distance r to the center of
the disc and a as a function of r. For some materials, experiments show that the
variation law k(r) cannot be neglected. In this way, we can show to what extent the Ion
gun parameters Influence the uniformity. With these photometric techniques, the

precision on the measurement of optical thickness ne Is about one thousandth, butprecision on n is barely sufficient to deduce the law of uniformity n(r). Obviously we

can also invvesd,3ate the uniformity of optical properties for multilayer stacks, but
photometric measurements do not allow direct access to the laws n(r) and e(r) for each
material. Layer characterization by guided waves allows us to go further in this
analysis.

Characterization by guided waves technique
For determining refractive index and thickness of a single layer, it is

sufficient to measure two synchronous angles corresponding to two guided modes. The
precision for determination of n and e is about 1 to 2M.

By measuring 2 TE modes and 2 TM modes, we have access to the optical
constants ni, n2, n3 of an assumed biaxial medium. It is interesting to show that layers
produced by lAD exhibit almost negligible anisotropy. We then give results concerning
the uniformity of n(r), e(r) and the anisotropy.

By measuring synchronous angles, we can also study multilayer systems:
employing some assumptions to limit the number of parameters, we can determine the
Index pairs (nH, nL) of alternating materials in a multilayer system, the thicknesses
of which are known. It Is possible to verify the results by comparing them with those
given by spectrophotometric methods.

For example, we have determined the values nH and nL for a Fabry-perot
filter, starting from synchronous angles measured for wavelength . - 0.63 nm (He-
N. laser). Knowing the dispersion laws an/a), for each material, it is possible to
predict the optical properties of this stack for a large spectral range. These predicted
values are compared with values measured for manufactured filters: the two profiles
are identical (119.1).

F. Fiery, Optical Inrffrence Coatings. Tucson, April 12-15, 198 I
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Figure 1 - Verification of the validity of Index measuremnents: Multilayer stack of design:
glass HL HL 4H LH LH. wth H: A/4 layer of 7702 and L: A14 layer of SiO2.

-Measured profle

-Proifi.e calculated from index measurements made with guided wave technique at

wavelength A m 623 nm. The dispersion law &Vn/eA is assumed to be known, and layers are

This concordance confirms the quality of this characterization method. We can thus
study the uniformity of multilayer systems with a good precision.
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£ DESCRIPTION OF A SCATTERING APPARATUS
APPLICATION TO THE PROBLEMS OF CHARACTERIZATION

OF OPAQUE SURFACES
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Abstract
We show how the complexity of a micropolished optical surface can be

Investigated in detail by measurement of the distribution of scattered light.

Minimization of scattering in optical multilayers, such as Fabry-Perot filters

and laser mirrors, is an important problem because of the stringent demands of many

optical applications. Recent results have shown that reduction of scattering requires

the use of super smooth substrates. Therefore, efforts to improve the polishing

techniques are currently under way. Polishing skills have now advanced to the point

where, for certain materials, surface roughness does not exceed some 0.2 nm.

Characterization tools have Improved in parallel with this.increase in the

quality of optical surfaces. Among the different methods that give access to the

roughness of an optical micropolished surface, the measurement of light scattered by

the sample In each direction of space is particularly well adapted to the

characterization of opaque surfacesbecause this technique yields additional information

on the anisotropy of the surface roughness.

We developed in Marseilles a scatterometer capable of measuring the

distribution of scattered light in all directions, and a vector theory of light scattering

to interpret the experimental results. The combined tools of theory and experiment

provide the roughness spectrum and autocorrelation function (roughness and

C. Amra et al., Optical Interference Coatings - Tucson, April 12-15, 1988



autocorrelation length) of substrate defects, as well as the uniformity and anisotropy

of ft roughness. The detection level of the apparatus must be very low since we know

that the Total Integrated Scattering (TiS) trom a super-smooth surface is less than

some 10-6 of the Incident flux. A rapid description of the apparatus will be given.

With this experimental set up we have been able to undertake a systematic

study of the quality of black samples produced by different optical shops. In particular

-we have studied the polish homogeneity within several series of samples (flg.1); we

have also studied the problems of cleaning and *sample degradaton".

Since scattering levels and residual roughness seen In multilayer stacks are

often due to the reproduction of substrate defects, it Is essential to specify which defect

periods our optical method is sensitive to. A detailed study of the apparatus function

emphasizes the limits of validity of the method. We are also interested in the problem

of approximating a roughness spectrum with analytic functions.

Fig. 1

Calculated and measured mean plane sections of angular scattering curves for

four black glasses ( a, b, c and d). Experimental and theoretical curves are in good

agreement. For these samples, we find rms roughnesses of 0.6 nm ( a), 1.4 nm (b),

3.1 nm (c) and 3,6 nm (d). BRDF cos 0 is the scattered flux per unit of solid angle

and surface, normalized to the Incident flux. The angular range (0 -.v 900) corresponds

to scattering by reflection. Curves A, B and D are anisotropy curves of samples a, b and

d. These curves are a representation in polar coordinates of angles e and a that lead to

the same level of scattering.
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LAYER UNIFORMITY OBTAINED
BY VACUUM EVAPORATION.

APPLICATION TO FABRY-PEROT FILTERS

C. Grz.s-Besset, R. Richler, E. Pelletier

Ecole National. Supirnure de Physique de Marseille . Laboratoire d'Opaque des
Suraces et des Couch.s Minces. Unitd associde au CNRS, U.A 1120 -Domain. Universitaire
de St Jdr . 13397 Marssifl. Ce4dex 13 - France

Abstract

We show how we can measure with accuracy the uniformity of layer thickness

for different materials obtained by vacuum deposition. Generalization to multilayer
stacks raises many difficulties due to time dependence of evaporant distribution.

Introduction

Optical telecommunication between satellites are of growing interest today.

Through a collaboration with the Centre National d'Etudes Spatlales, the Optical

Laboratory of Marseilles is interested in wavelength multiplexing and demultiplexing

systems between several telecommunication tracks. In order to separate and isolate

each track, it is necessary to use multiple half wave Fabry-Perot filters because of

their high rejection : the pass-band may be less than 10 nm, and the cross-talk levels

are easily about 10-4 . Fabrication of these filters does not pose any serious problems.

On the other hand, the simultaneous treatment of several filters raises many

difficulties that we try to clear up in this presentation.

It - Realization techniques of multiple half-wave Fabry-Perot filters

With materials such as zinc sulfide and cryolite, the realization of quarter

wave layer stacks does not raise particular problems other than thickness monitoring

during deposition. In our Laboratory, monitoring techniques have been developed which

meet the design requirements [11. We record the evolution of the filter optical

properties during deposition and the variation of the two signals (aT/t); 0 and

(TI/aX). o (derivatives of transmittance versus time and versus wavelength, at the

peak wavelength ;o). It is easy to locate the transmittance extreme which correspond to

C. Grizes-esset t al., Optical Interference Coatings - Tucson, April 12-15, 1988
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a zero of the derivative (aTi/at). o . The great advantage of this technique is that it

allows self-correction of thickness errors during deposition [2]. For the substrate

which is used for direct optical monitoring, one can consider that the problem of

manufacturing multiple halt wave Fabry Perot filters Is well solved.

III - Layer uniformity

In order to simultaneously manufacture many filters with identical optical

properties, the film thickness distribution for each material must be very uniform.

The magnitude of errors which can be tolerated in multiple cavity Fabry-Perot

filters is very low, and the layers deposited on different substrates must all have a

quarterwave optical thickness at the right wavelength Xo.

Uniformity is generally studied through the measurement of the optical

properties of single layers simultaneously deposited on several glass substrates. This

yields Information on refractive index, extinction coefficients and layer thicknesses.

With materials such as zinc sulfide and cryolite, the refractive index does not greatly

depend on the position of the sample in the chamber and so the optical thickness is

sufficient for determining the distribution of layer thickness. However, the

iransmittance and reflectance modulations versus wavelength are often small for a

single layer. Thus this method cannot have a precision better than 10-2 for thickness

measurement.

In order to improve sensitivity in the measurement of uniformity, we studied

all dielectric Fabry-Perot filters. It is well known that the location of the

transmittance peak strongly depends on layer thickness

For a perfect quarterwave multilayer (no error during deposition),

measurement of the peak wavelength directly leads to the layer thickness: one can

write that the thickness distribution is given by U(s) - Xs/.o, where .o and X are

the peak wavelengths at the monitor position 0 and the substrate S respectively. Owing

to an accurate positlonning of the samples (within 1/10 mm), quasi identical filters

can therefore be manufactured.

C. Grlzes-Besset et al., Optical Interference Coatings - Tucson, April 12-15, 1988'



IV -Application to high rejection filters

In spite of aii these adjustments, experimental results Show that with multiple

cavity fiters there are some complications& From one layer to another ot the same
matorial, reproducibility of the distribution law is not systematically perfect. The

ooeane n Indivdual layer thicknesses are so small that we must account far the

time dependence of the distribution during deposition.
Self-correction occurs for the monitor plate, but for the other substrates the

smallest shift In distribution prevents production of successful filters and the shape af
the bmndpaas filters Is not correct. in this case, It Is not possible to extract valuable

information on uniformity from the measurement of the peak wavelength of the filters.
We show how we can experimentally solve this problem and we present numerous

results.
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SCATTERING STUDY
OF SINGLE LAYER TITANIA FILMS
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Abstract
Light scattering measurements further characterize a series of T102 thin film

samples. Previous analyses were given at the 1986 and 1987 O.S.A. annual meetings.

Introduction
This paper continues the characterization analysis performed for the Optical

Materials and Thin Films topical meetings at the 1986 and 1987 Optical Society of
America conferences. Single layer films of titania oxide were analyzed for their optical
and surface roughness properties. Optical properties Included measurement of the
refractive index, its inhomogeneity, and the extinction coefficient. Over twenty four
films, prepared by 18 different laboratories and using nearly a dozen different
deposition processes, were measured for these presentations. The aim of this work is
to study the scattering properties of the 1102 samples and to look for correlations
between our experimental results and the information already acquired.

Surface scattering measurements
The scatterometer employed in this analysis Illuminates the sample, at quasi-

normal incidence, with a 1 mW HeNe laser (X.-0.6328 mm). It measures the spatial
distribution (at 25,000 different points In space) of the light scattered in all
directions by the sample. A convenient means to examine the data is to consider the
average angular scattering curve , BRDFcos8(9) (fig. 1). Averaging Is made over
250 separate measurement planes, all containing the surface normal. The function
BRDFcose(9) represents the flux scattered per unit area into a unit solid angle and
normalized against the incident light flux. Two angular regions are considered, one
(00-90° ) corresponding to scattering by reflection, and another (900-1800)
corresponding to scattering by transmission. In addition, the global integrated
scattering for the two half-spaces (DR for light scattered in re.lectlon and DT for light
scattered in transmission) and the Total Integrated Scattering (TIS-DR+DT) are
measured for each sample.

We are also Interested in the anisotropy of the surface roughness. Therefore,
curves such as that shown in fig. 2 are drawn for the samples. Each curve represents
a given scattering level plotted against polar coordinates (0,ct), where 9 and a

C. Hickey at al., OptIcal Interforonco Coatngs - Tucson, April 12-15, 1988
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characterize the scattering directions. We can see in figure 2 two scattering level
curves (a - 2.10-5 and b- 8.10-6); for each curve, 6 Is the radius and a the polar
angle. The departure of successive curves from concentric circles Indicates the degree
to which surface defects are anisotropic.

A survey of data for the samples will be given in the form of scattering histograms
so that the dependence of scattering properties for different film characteristics can
possibly be seen. The range of scattering values is greater than 100 over all the
samples. Selected anisotropy and BRDFcos(9) curves will also be presented.

Discussion
Preceeding work has shown that the refractive index of thin films is lower when

films are prepared by classical evaporation techniques. This is not surprising in view
of a more compact microstructure seen in films prepared by other techniques (for
example, by Ion Assisted Deposition: P.J. Martin, H.A. Macleod, R.P. Netterfield, G.C.
Pacey, W.G. Salnty, Appl. Op. 22, 178 (1983); C.M. Kennemore III and U.J. Gibson,
Appl. Op. 23, 3608 (1984); and F. Flory, G. Albrand, C. Montelymard, and E.
Pelletier, SPIE Proc., Thin Film Tech. 652, 248 (1986)). This analysis investigates
the possibility that scattered light measurements can also give information on thin film
microstructure and thereby permit characterization of different preparation
techniques. It Is not obvious a priori that such is the case for two reasons:

1) Since all the "102 samples were deposited on transparent substrates, the
analysis must account for the influence of the substrate surfaces. In past work we have
seen that, for extremely careful deposition conditions, a thin film does not
substantially modify the scattering characteristics of the uncoated substrate. The
scattering characteristics of the film are therefore overwhelmed by those of the
substrate and it is Impossible to separate out Information concerning the film
microstructure. One way to solve this problem consists of aluminizing each side of the
sample and measuring separately the surface roughness of the front film surface and
back substrate surface.

2) Substrate cleanliness and film Inclusions (such as dust or chunks of material)
may also have a critical effect on the scattering distribution. In order to separate out
this influence, we attempt to correlate the global scattering factors with the number of
dust or Impurity spots observed in a phase contrast microscope.

Even If a systematic study of light scattered by the T102 samples does not lead to a
precise characterization of the microstructure, it is nonetheless Interesting to
compare our scattering measurements with the roughness measurements obtained by
Jean Bennett (O.S.A. 1987 Annual Meeting Technical Digest) or a Talystep. The two
methods. ought to be sensitive to approximately the same range of measureable defect
periods.
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and L C. Mcye, Jr.

J-eeedepaoei bee bee= sud to depomit lantimur fluoride thn fibst wth nest-unity film pecking
deImide n no ugiunfomit lames in abeorption Rutheoford bechmotdug onsLwmb bee determned the
effect G( ion bemberdineat on the ffi etooometime inudint~ depee" of fluone deftcency Ozyge

atome oempeaude appear toommu meta othe myibl amm veomen Uif ffcintozygn Warem&" i n

L 'Mus L Depasifan ConIMu
Thin film deposited by thermal evaporation are The fim were deposited in a Balsers B3AK 760 box

* known to possess a columnar microstructure that cater using the geometry shown in Fig~ 1. Glass,
*stronigly influence many of their propertiee.' This fused silice, germanium, and graphite substrates were

macsoitructure is characterized by pakn densitisof used for compatibility with various forms of analysis.
les than one, refractive indices of less than the bulk We precleaned the substrates before deposition and
value, and degraded moisture resistance. More ener- bombarded them during deposition with oxygen or

geti deosiionproesss cn rduc ths clumnr Fon onafro a .= perureKaumanhot-cathode
microstructure and increase packing deenity.2 Ion- ion source equipped with tungsten filaments and
asisted deposition (LAD), the bombardment of a graphite grids. The source-to-substrate separation
growing thermally evaporated film with an energetic was 40 cm, with the substrates held stationary during
ion beam, is one such technique. The applicability of the deposition. A filament neutralizer emitted elec-
LAD to a wide range of materials has already been trans to neutralize the beam, preventing charge build-
demonstrated. 3 The majority of this work, however, up on the dielectric substrates. A Faraday cup meca-
has been directed toward meter-oxide materials. Flu- sured the ion current density at the substrate. All
anides, with the exception of MgF2.4 have only briefly coating runs were performed at room temperature with
been addrsed.6 a residual pressure of 1.5-4 X 10- Tonr and at a

Rare-earth fluoride thin films are of great interest deposition rate of 0.6 nm/s. The LaP, fiMs were
because of their excellent transmission from the UV evaporated from resistively hated molybdenum
(even the vacuum UW) to the Ms. LaFa is the most boats, while the Mg? 2 layers of multilayer coatings (see
popular material in this family, it is transparent from Sec. IMI E) were evaporated using an electron-beam

130 n to 10 pum and has a very high Iardmg source.
threshold.' However, it suffers like mast fluoids
from large tensile stres and has a pacing density of IL aIM'a~
only 0.80 when deposited onto ambient-temperature A. Reu* Ma m PaIM igDwt
substrates.1" We have, therefore, investigated ion-
assistedl deposition as a means of improving lantha- We will follow Ogura'O in using an increase in refnac-
num fluoride coatings. twve index to quantify an increase in packing density

We calculated the refractive index and extinction coef-
ficient (see Sec. IlL B) of single-layer coatings using
the envelope method of Manifacier et WL' Tis bmeth-
od assumess a homogeneous thin film and, therefore,

_______only requires a measurement oftranemittance. These
Afl*amteere Unalaly alA bmeTuceoArim 721; data are then fit by least squares to a dispersion rela-

J. A. Lavltid L C. hMontyreJr.,mwmi the Ptyalos Deperment. tion Of the form
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dispeso relation away from resonance.' 2 The index
ofrefraction is then converted into pecking density *300 *V A~gol

uiga linear formula for refraective index as a function 3*o ngo
of P~dn desit, wichassumes that thefimsa

1 Pwa+ (-An. (2) (MA/rn 2 )
whee n -themesurdrefractive indxlo h film,

n- th erctv ne of the film voids, and somnafunctio of ion boozzi currnt density.

p -thepacingdenityoethehlkix ofh
We assume that the delunsityaof the bukidxo h .
material and that the voids are filled wihw th is

assumption and choice of the Imeas model both result
in a lower bound for the pecking density, which obvi- .f ously improves as the packing density approaches uni-

The variation in refractive index at a wavelength of 68
350 n with ion beam current density is shown in fg. 2 :
for the bombsrdrent offim withaphysical thickness
of 800 n by 300- and 500-*V argon ad 300-sV oxygen so.,'"
ions. Masbulkmidexis taken to beL624 at 350 n,an I " 9 GO SOINi

avrae f heordinary and extraordinary bulk refrac- ION BEAM CURRW DESITY
tie d1m4 These curves show that the refractive (A~

index, and thus the packng denity, is substantially
increased by argon bombardment at both 300 and 8001.
eV The indices, of the oxygen-bombarded films can-
not be related to packing deusity in a similar manner. 7.k.
Pto proably le between the refractive indices of Wa3  11.9
arid L"Os because of the implanted oxygen in the
coating.ee ae

The ecigdensitiesof the argon-bombarded films a i "
anethen calculated by substituting the data from Fig.2 *a.,~
into Eq. (2), with the refractive index, of the water in m
thevoideskentobel-35at350nma. 5 Packingdensi- ie m m m m
ties have been calculated from the refractive-index ION BEAM CURMnm DEWST
dat assuming a bulk index for no (Fig. 3). However, (pA/rn2 )
Q O' has pointed out that no is not necessarily the *
bulk indz and inesed used 1.M at 800 nm for LaFg in rg3 pnckjqgdrnstyof LAD La?, inusmuaation of 'mmbesis
place at the bulk index We heve thus also calcuated curret domsjy for boobeadmooft by (a) 300- and Mb 50066Vmga

pcigdemltisausinttbhue ative indexdaaat5O m0mtn. The volula mi sem reprooolst on* the unceftainty inth
n.Teeresultsmw compare in Fig. 3 for n, equal nefatiisbdlam of the fibu.
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to the bulk value and to L.59. The packin denities a
obtained uing ii. - L.59 agree closely with OgurasNO 0MA,1

value of 0.80 for conventional coatings deposited onto * ueNGO. feso"I
mbia- temoperature substrates mid axceed those oh-$a,6

tamned wit a bulk column index by 0.44-U.0& Unity
$00 V with a Murn of 80 WAcar5 endsa packin
density >90% resulted frvam 300e*V 100-pA/cm bom-
bardment. Ir4

.dbicostekI5I WAVILSWTV (am)

The extincton~ Cofigg of th gj gle.layer films ftg 4. Ultraviolet extanctm oCefficient of LaF3 fiMs bombarded
areilm calculated with an envelops method.l 'rno with 300-eV oxygn and argn ions.

agon-bomberded films all have extinction coefficients
at X - 2W0 =m below the accuracy of the calculation (-4

however, the Malms begi toshwahotavlgh
aor T huasrtinegonumtwadlne

wavelengthe a the ion besa current density
becme of increasing oxygen implantation (see Se

Rutherford beckscattering (RBS) has proved to be 05VWCURN
an excellent tool for studying compositional changes c 3 1,jcmal
within thin film caused by lAD.17 High-energy (a)
(1.8n The methswok sn urioied heliu ions
from a Van do Groaff accelerator are scattered by a 3.2

tions, provides the absolute number of ech atomic
species in the fim in units of atoms per unit orea.-
Film stoichiometride can thus be measured very accu-
rsatly. Graphite substrates are used in this work be- r .
cause the silicon and oxygen peaks from glass sub--________
strates overwhelm the fluorine and oxygen peaks from
the film, decreasing measurement accuracy and com- e4 o t

plicating the enalysis.IO59 CURNDEST
Rutherford beeckscattering, a nuclear scattering pro- &Acz

came dos not address the nature of the chemical bond-(b
ing in the films. In particular, the oxygen content of FPW 5. F-to-La ratio z and onioa-to-cation ratio z + y of LAD LaF a

theMi cnnt b dvidd etwenoxyenatos elasd fwit bofb io hM ()on beam Murn densit tots the aocime
wter ilms canompliedewenxoyge atomso anf ol n bo bawit current (a)nsty and the sogenionsr as a

Samples bombarded with 300-eV argon and oxygen raeasLF0

unbutbdedsaple hae benmeasured. Thes
sampas n ~00 a thck;for h Mnethe gon, probably a resul of residual water vapor in the

backsoettersd peaks attributable to oxygen and fluo- chamber. When oxygen ions ar used, ion implanta-
aie tomas overlap. Writing the Mmstoichiometres tion sharply increeses teoxygen content of the filmns.

saFO,0, a perflectlystoichiomestric film would hevex This extra oxygen compenstes for the larger fluorine
3 andy -0. Our unbombardad films baye - 2.91- deficiency in the oxygeni-bombarded fim and ex-

3&00 and y mi 0.11-0.10& plains their lack of abioption in the visible.
We previously noted that unbombarded MgF2 film The anion-to-cation ratio x + y is also plotted in Fig.

somestime awe slihty fluorine deficient."7 Figure 5 5. The unbomberded fims hae a ratio grester than
shows that all the bombarded film siffer a preee- three, suggesting that more water molecules are ad-j
tim! sputtering of fluorine over latInm as expected sorbed from the residual gazes, in the clamber than are
frum simpl sputtering theory-1' The argon-bom- needed to siply fil the fluorine vacancies in the fim.
herded fims contain a fairly constant amount of oxy- With en ion current density of 20 or 40 W=/c

2. th
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3
-um water eeoc- Fig. 7. Air-to-vocanm shift of a twenty-.three layer convmntionally

tion bend for werying egos-ica beem snergme and current *emh0ie depoited LeF~2F stack.
The trasmittans ce ee a 4&-40 for ech Kim.

anion-to-cation ratio remains greater than three.
Filmns deposited with these ion-beam parameters do
not show the UV absorption edge typical of anion
vocancie. 30 This suggests that most of the anion va-
cancies caused by the preferential sputtering are filled 4
by oxgnamsor complexes, but as mentioned' sorption edge because of the oxygen implanted it h

fims or60p/e 2 argon bombardment, however, --se
z + y is -2&0, and the fiMsn begin to show a slight UV WAVUMM (amn)
absoption atttabeto anin vCancesnot filedy Fig 8,A-omnsita wnt-he yrLDLFW
Oxygen Or water. This absorption incrase With lurg- stok depoeited with the ion boom paratmeters ofTable L The shift
er current deste hea- nt-ato ai n h s<I-

Mai sorption bafurertthteer.e 1~n
tration of < 0.02 at. % caused by eroson and sputtering density increases (Fig. 6). There is still a slight ab-
ftom the tungsten filments of the ion gun. I di opo adpeeti h 0-V1(. ei n
tion, argon-bombardedi fims contain 0.4-2.0 at. % Of 50-V6-,/m apeFromFi.3thpaknr argon implanted by the ion bombardment As shown densities of the identical film on fused silica were

aoethsimpurities appear to be much lass impor- >90%
tent than oxygen content to the optical properties of E. AiayrCehg

D. bib Wae AboptoBn Once single-layer coatig bad been characterized,
two multilayer coatings were deposited to demonstrate,

The amount of water present in a film is a. good the 14tility of the LAD) proces. These coatings were
measure of its packing density. Allan' ban rvosy (L 1 H stocks with H - LaF3 and L - MgF2 and a

eployedth mantude of the 3-0am water.asrto design wavelength of 400 zm. The bombardment pa-
bads a qualitative measure of the d boi rsmetsrs for the IAD multilayer are given in Table L

=~ued by 10.asstd dPOWiti0n The Ifi transit -The conventionally deposited coating contained
tance, of films deposited on germanium substrates was crck from the cumulative tens droe of both coat-
measured with a Perkin-Elmer 983 FTIR spectroine- mg maeaa whle the LAD coating contained no
ter at OCLL All thus film weon deposited in the crckbecameof theprevougly observedtene tre
same batches aths fuaed-iicasamplas used to calcu- reduction associated with lon-ssiste depositiomn
late the refiatve indices of the fims and ae thus Th. ai-tvacum shift of thise coatig was then

-- 450mn tick.measured, using a specially constructed vacuum cell in
These measurements show that the water content Of a Cary 14 double-beami spectrophotometer. The

the fim decresa drastically a the ion-beam current t-ansmittac spectru of the conventionally deposit-
ed coatigsh=e 6 nm between atmosphere and 15

Tai L m~@M Coes ofIDL~vv mTorr as the adsorbed water was pumped fromi the
coating (ftg. 7), v-hie the tnsmittance of the M

Ion5 ban IoS ft coating showed nomeasurbleshit(Fig.8), sgetng
Dep rete osales m p esna vresit deasity.h

Matela (mt) pheat)Jc '~ the IAD procem resulte in a near-unity packing
density. In addition. both the width of the reflectance

MgF, U. Ar 300 band and pea reflectance of the IAD coating are lurg-
Li?, U. Ar 300 100 er than for the convetional coating because the index
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contrast between the two materials has increased with 5. P. J- Marvin and R. P. Nettefied. -ion Ajatabd Dposatiom Of
* omarmst hej 0~ Jys jcMugisitis luaide ilsesaSubtrateat Asbiet Tempmr-5 oreu a Theh boba det thf the a lfater g 2 ays. lurs."AppL Opt. 24 1732 (1966).

owe with ombardent hwne tha ofteMF aes 6. W. C. M-am. Jr..d J. B. McNiL"IonBeamAppiatu
Th A ot deshwvr ae-.asrto for Optical Coating." Proc. Soc. Photo-Opt, Inatrusm. tug. 323.at pek relactnce.101(182).

N. CiI , 7. L J. Liamg J. D. Targove. C. C. Wens, aid Ki R. Jacobson.
"Rare Earth Fluorids for Ultraviolet Coatins." J. Opt. Soclon-ssisted deposition kms increaed the packing Ass. A 3. (13) P10 (1986).

density of lanthanum, fluoride thin films to near-unit 8& iL m Puiber. -Charactarization ot Optical Thin Film," Appl.
values with little or no increase in film absorption, even opt. Is,19M0(1979).
with large ion fluxes. Bombardment with oxyge ions 9.?F. Rainseg. W. IL Lowdersailk. D. Miliam. C. K Camniglia. T. T.
results in the expected oxide absorption edge in the Hamt and T. L Lichtenstein, -Materials for Optical Coatings in
now rUV. the Ultraviolet," Appl. Opt. 24,496 (185).

The fims deposited by ion-assisted, deposition show 10. & Ort. PILD. Thomls Newcastle Upon TY-e Polytechni
a slight fluorine deficiency caused by the prfeina L J1.MofsiJ ait4nJD.ilr"Sm* ehdsputteing of lighter atom out of th fiTlms . 014 Jo C.e UanfacerJ Gai otnoJ.tD. OpicllCsan s In.l kMedthd
anion vacancies are filled by oxygen atoms or complex- fbortesDeterminaei* Aorb The n p ica " ost. ny E 1n the2
ae (such n water or OH-) and therefore do not con- (1976).Py.E.10
tribute to absorption at wavelengths longe then 300 1L. D. Smith end P. W. Baunaedecer. "Refractive Index of som
umn an our bombardment conditions. Exta fluorine Oxide and Fluoride Costing Materials," Appl. Opt. 15, 111
could be added to the ffilms t-. MI. these vacancies by (1979).
bomtbarding the films with fluorine (which raises obvi- 13. K-Ksn-taendit N-shbor."Porosity of Mg?, lms--Evalu-
ous safety concerns) or a fluorine-rich gas such as; adoan Based on Changes in Refractive Index due to Adsorption

Freon.20of Vapors," J. Vac. ScL Technol. 6,730 (1969).
14. W. G. Driscoll. Ed. Handbook of Optic. (McGraw-Hill. New
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The grating chirp is caused by the holographic exposure 2. N. A. Ohio. C. H. Henry, R. F. Kmzrinov, H. J. Lean . J.geometry shown in Fig4. Assa consequence of the grating Oriowsky. "Exttemeiy Law Chirp Narrow Linemidth External
formation by the interference of two beams radisting from Silican Chip Bragg Reflector (SCER) Lawt." in Postdcadline
two pointlike spatial filters, the resonan.t wavelength Popov,. Optical Fibe Commnwication Canferenov-Sizth Inter-

cagsacrams the grating is given by ahanal Conference an Integrated Optics and Optical Mibe
Communication (Optical Saciety of America, Washington, DC.

AA X U cost 9W Wh paper &.
R 2R2n ) (4 . C. H. Henry, IL F. Kasrino H. J. LesL.J. Ortowsky,sandL L

KAMr "Low Lam SiNe-8i0 Optical Waveauidue - Si," Appl
where R. 1, , and x are defined in Fig. 4. If the sample is Opt. 21.21121(196M.
praperly aligned so that the tilt angle 6ofthe exposure plane 4. H. J. Los, C. H. Henry Rt. F. Iinio. and K J. Orlowsky,
is ero, the linear chirp vanishes. The remaining quadratic 'Lw-Lou Brang Reflect=l an StO iS3N4-SiO2 Rib Wsvgui-
chirp, for the canditions at holographic exposure shown in daS.AppL Opt. 312618 (1967).
Fig. 4. is pilotted in FIg. 3. The quadratic chirp can b -Lhd.~anaA~disrlicaue

removed by the use of collimating lenses in front of the Febc aaEEJ unu lcrn EZ.19
spatial fi8mm. Howeve, these lauses may introduce wave- (1
front aberrations due to imper9fectIons, misalinMets, finite
apertures, ad dust.Ig ple a Nige h~c~ea onm One buchis

Our Bragg reflector waveguide is sketched in Fig. 1. it is of la hm a iftdF Min tm
formed ft=AmaSWs4 r aveud care6 layerS surrounded by
8102 dcding layer sbove a Si substrate. The thickness of Jies D. Tingove, Lkmde J. Lk'oj Jia P. Lowm, ard
the SIsN4 laye is -1200 A, which results in no being about pH Anu M10
-. 05 gresarthen the claddin refractive index. Variationsi
of the cor laye thickness change nff, and the Bragg wave-
length shift -U. A for each angstromn change in the core When this work was performed all the authors were with
layer. The layersawe formed by lowpeeurechemicavapor University of Arixona. Optical Sciences Center, Tucson,

mumlowthiknes a th caterof he afe an anap- tut ofToeinaovDepart-ent ofEngineerig Physics,cx~pcvD~. ~ec~viWeometryresuks o. ir isrc Bnow whi Fore433. i
proximately quadratic change in core thickness with ice-aeOi 443
ing distance sway from the center. The shift in Bragg Received 10 Auat 1MV.
wavelength from the center of the wafer with distance is 001-98&1ca=Soiet0ofAmec.000
plotted in Fig.3. 018 pia oit fAeia

Figure 3 shows the three contributions to bandwidth as a
function of the length of LB for a grating 2L91n. The sum Ion-mnisted deposition (TAD) has been investigated by a
of these contributions is also plotted in Fig. 3 wit th as- number of groups as a means of improving the properties of
sumption that the minizmm chirp occus at the center of the thin film of Meta fluorides, paticular MgF2.1'4 A problem
grating. There is abroad minimum value forea bandwidth of with this technique in the incorporation of oxygen from the
2.8 A centord at grating length of 8 ro The miinium residual atmosphere of the vacuum chamber into the Min.
approximately accounts for our minum observed spectral This oxygen has been shown to dlegrade the moisture remi-
width, If the minium chirp occurs at the edge of the tance of the MgF2. although it also reduces absorption of
grating, the emallest bandwidth increases to 4.2 A. Thoe films in the visible." The method of incorporation of the
sie calculations slightly overestimate the minimnum oxygen into the films has been speculated at by most of these
bandwidth because they do not take into account that Bragg groups. with the formation of an oxide component in the
reflection takes place over about 1/24. " therf(ai thr films beinig most commonly suggested- Unfortunately,
will be no Bragg reflection associated with the extreme ends there has been no way to directly answer this question for
of the grating. MgFta

In summary-~ We have made Bragg reflectors with Spec- We recently investigated the ion-assisted deposition of
tral widths so narrow as -2.s A and with the resonance at LAF: thin MiLms.5 7 Them films are highly crystalline, en-
1.52 sm. t minimum spectral width ca be understood abling us to perform x-ray diffraction measurements of the
when th bradanlng of the spectruz by grating chirp and lAD films and identify their crystalline structure. While it
waveguide nonuniformity is taken into account. The spec- is not discussed here, identical results have also been ob-
tral width of a uniform Bragg reflector decreases, inversely served for NdF& another material which forms highly crys-
with length, but layer nonuniformities; and grating chirp talline films.
increase, the spectral width in proportion to length squared. The thin films have been resistively evaporated insa vacu-
This leads to a minimium achievable width, which, for our uso chamnber described in detail elsewrhere5'7 With a base
material nonuniformity and holographic conitions, is -2.8 preureof-l-2 X 0-4Torr. Films 4800-M00Athick were
A. Thise bandwidth is not afundamental limit, It repre- deposited onto ambient temperature fused silica substrates.
sents what is avaievable using conventional LPCV an Theme film were used for both x-ray diffraction insa Siemens
holographic grating fabricationi. Both grating and wave- x-ray diffractorneter and x-ray photoelectron spectroscopy
guide chirp could be reduced by modifications of the holo- (XPS) insa Perkin-Elmer 5100 series Electron Spectroscopy
graphic an LPCVD processing. for Chemical Analysis system Film so0 A thick were de-

posited onto graphite substrates in separate depositions for
RefirownRutherford borckscattering spectrometry (RBS).

1. iL P. Kastinow and C. H. Henry, "The Relation of Line Narrow. The unbombarded LaF 3 films show strong cryseline
igadChirp Pedia-tia. PRedting fras the Coupling of a Semi. peaks in x-ray diffraction, with all the peaks corresponding

conductor Lowe to a Pmsive Resonator," IEE J. Quanaum to a tysoite structurie (Fig. 1), the only phase for bulk La?3 G
Electron. QU9t, 1401 (116) Theme peaks are still present for IAD films bombarded with
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served in the 01is binding energy pakis (Fig. 3). These Pha~r i reconiucea from phokn4mlted
peaks are actually superpositions of two peaks separated by iSMW qpeckl Mnage erraba
-2eoV. As the ion flux increases, the higher energy peak
contributes a greater portion of the total area of the peak- S. J. M. Ailtken ad R~. Jolit am
Gibson and Kennemore' have observed a simnilar effect in
MgF1 fim wit films possessng a higher oxygen content Queen's University, Department of Electrical Engineer-
having a laowe contribution fromn the higher enerw peak ing, Kingston, Ontario K7L 3N6. Canada.
Comparing the XPS result to the x-ray diffraction data, we Received 18 November 1987.
can equate the higher energy 01Is state with oxygen filng 0003-8935/8/02021M-O$02.00/0.
anion sites in the crystalline lattice, ast only oxygen in the 0 1988 Optical Society of America.
lattice could drive the phas transformation to the oxyfluor-
ids statei. In this paper' we did not indicate that a MAMA detector

A critics] percentage of oxygen is apparently required to was crucial to the acquisition of the high-quaLity photon-
cuseoylordhrstlie to appear. Since the ozyfluor- event data, taken on the Steward Observatory 2.3-mn tale-

iepaefirst appears for an ion current density between 80 scope, and used in our 0-del reconstructions. We wish to
and 100o Wi t , this critica percentage is between 7 and 9 acknowledge with thanks the contribution to the data scqui-
at. %. sition by Jeffrey Morgan, Centre for Space Science and As-

We have shown that the percentage of oxygen in the crys- trophysics, Stanford University, who provided the MAMA
taihie lattice of LAD LaF3 thin Ohlm deposited in high vacu- detector for these observations.

* um increases with increasing ion beam current density. This
oxygen must strain the fluoride lattice until the incorpora- Referenc

* tion Olesufficientamount of oxygen into the lattice results in 1. G. J. M.itkn n ILJhso"Phael dent Etcnttion
a phase transition by individual LaF3 crYstallites into an om Photon-limited Stelar Speckle Imsges.- AppL. Opt. 26,
oxyfluoride phase. There is no evidence for the formation of 4246 (1967).
an Oxide phase. This contradicts the normal assumption
that the oxygen form a segregated oxide in the films at all
significant levels of oxygen incorporation.

Support for this work was provided by the Los Alamos For Itormallon regarding the length at a
National Laboratory under contract 9-X86-0322C-1 and the Utr ufbro lutain n als
Air Force Office of Scientific Research through the Universi- AfWnu ercIluraosadtae,
ty Research Initiative Program. 'i'he authors wish to thankt and "eneal preparation Of manuscript,
Charles Kennemore for performing the XPS masuremnents see Informationa for Contributor's on the
and data reduction and John Leavitt and Larry McIntyre second page at any issue.t and their co-workers in the Ion Beam Analysis Facility of the,University of Arizona Department of Physics for performing I_______________
the RES measurements.
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Anisotropic effects in thin film multilayers

K. Balasubramanian A. S. Marrhay, and EL A. Macleod
Optica Sciences Cete, Universiy of Arizona. Tucson, Anrona 85721 USA

Abstract:

Vacuum evaporated thin films am known to exhibit a growth induced
columnar microstructure causing a small anisotropy in their optical constants.
We have developed a code to model the optical performance of anisotropic thin
film muailayers based on Yeh's 4 x 4 matix formalism10 and applied it to study
the effect of growth induced anisotropy. We have computed the performance
of a typical multilayer sysem, a narrow-band filter. Here we discuss the
results which show considerable shift in the performance of the filter when a
small anisotropy is introduced.

Introduction:

Several papers in the literature-1 7 have presented computer models of
thin film growth and have shown remarkable columnar microstructure.
Experimental observations have been made of these columns and scanning

electron micrographs of such microstructures have been published 1 .2 . One of
the immediate effects of' the columnar microscture is anisotropy in the
optical constans of the film. Moisture penetration into the voids in the films
would also produce further changes in the refractive index and hence a
multilayer stack, for example, a narrow band filter would show considerable

shiftS in the performance of the device from the intended design. A general
scheme to calculate the reflection, and transmission characteristics o f
anisotzropic multileyer thin film systems is given by Pochi Yeh 1 0 . Details of
the scheme and its extension to the study of optically active media are
presented in another paper1 3 - Here we adopt the scheme to study the effects
of growth induced anisotropy in a multilayer thin film system.

The Design:

We study the performance of an all dielectric narrow band filter

designed to operate at 632.8 am. The design is air/[HL]P Hq [LHP/glass
with p a 4 and q a 4. H denotes a quaterwave layer of Titanium oxide and L
denotes a quarterwave layer of Silicon dioxide. Hodgkiuson et a19 fabricated
such a filter and determined the principal refractive indices of the Titanium
oxide layer. They deposited films at 27 degrees vapour angie and found a large
anisotropy in the refrmcive index due to a very pronounced columnar
microstructure oriented at about 14.29 degrees to the film normal. Here, to
begin with, for the sake of simplicity, we assume that the films are deposited
with vapour incident nearly normal to the substrate and assume that the
principal indices of refraction coincide with the geometry of the substrate and
that the anisotropy is quite small. Then we calculate the performance of the
system for the case of the films deposited at oblique vapour incidence.



Results and Discussions:

We study the following five situations. The geometry of the film system
is shown in figure 1.

1. All layers being istotpic. In this case we assume that then is no
anisotropy in any of the layers and calcuLate the transmittance at normal
incidence of such an ideal filter. Fig.2 shows the transmittance of an all
dielectic filter of the desip mentioned above with te refractive index of the
H layer being 2.40 and that of the L layer being 1.45. The peak trausmission
wavelength is 632.8 am and the filter shows the desired pk transmiuce

2. H iyer being isoOPic in the XY plane: This is the case when the H
layer exhibits a u~nimsal aisotropy with n3xy Sz. We further assumethat
all the L Layers ar isocropic. Hodgkinsam at ai have shown that S102 exhibits
very little .aisouropy and hence can be assumed isounpic. For the H layer we
tal@ %=uy=2.2 and a1 2 4 It is approiam to asme that ax and s7 would be
smaller than z due mthenmue ofthe columns in the flm. For the L lqYer
we take a a 1.45 as before. Plg.3 shows the normal incidence transmittance of
the nanowband filter with the above values for the indices of the films. We
see that the peak transmission is at 595.4 mm as against the desired peak
wavelength of 632.8 am.

3. H layer being biaxial: In this came we consider that the Titania layers
exhibit biaxial anisotropy whereas the silica layers are still isotropic as
suggested by Hdgkinse et aL We za n a 2., ny -2.3 and 2a 7-4for

Ttania layers and n = 1.45 for the silica layers. Figs 4a & b show the normal
incidence truasmittance for the filter with the above indices. We see that the
filter shows diffent peak wavelengths for p and s polarizations even for
normal incidence as could be expected. s being shifted more towards the
shorter wavelength than p. The peak wavelengths for s and p are 595.4 rim and
613.8 am respectively.

4. Now we study the case of films deposited at oblique incidence of
vapour. Lot us assume that the columns in the films are oriented at 10 degrees
to the normal as shown in flo.S. The dielectric tensor for the films are
tranformed to the coordinate system given in fig.l by means of the rotation of
coordinates. If e is the dielectric tensor of the film in the principal coordinates
shown in f6.5, the dielectric tensor in the film system shown in fig.1 can be
obtained by the equation e'- R e R.l, where R refers to the rotation marix
given by

1 0 0
R - 0 cos(a) sin(a)

0 -in(M) cos(a)

where a is the angle of inclination of the columns in the film relative to the
film normal. On doing this transformation we get the following values for the
dielectric tensor for the H layer



//

4.840 0 0
-r 0 5.30417 0.08037

0 0.08037 5.74577

Auaming the L layer to be isotropic and H layers dhacteized by the above
valUm for the dieectric tew. we gSet the flt tranauiuion shown in fig.6a
& b c mpdlug to s and p porizddod The peak wvelngthS are 59..4 um
for s polsizaiOn d 614.3 mm for p polarizatim. If we now aggume that the
olumns ar oriented at 20 degrees to the film normal, we gs similar
hs mshow in fig. 7a & b. The peak wavelengths an 595.4 nm for
s polarization nd 615.8 um for p polazton. Compaing with the cases where
we mumed the columns to be oriented normal to the film plane, we see that
the s polazmon has the same peak wavelength and the p polarization shows
one or two mm shift depending on the agle of tilt of the columns. This
perfonma is in line with what one might expect

3. Finally we study the case where we assume a small amount of
anisotropy in the L layers am wel. We assume that the columns are ointd at
10 degrees to the film normal for both the L and H layers and the L layer
indices in the principal coordinates are nx - 1.35, ny - 1.40 and n. - 1.45
whera the corresponding indices for the H layers are 2-2- 2.3 and 2.4. The
filter chae ri iS for such a system of films ae shown in fig Sa & b. It is
intestig to oe that the p and s polariztion peaks Set furthr separ
from the desired peak wavelength.-

Conclusions:

From the foregoing theoretical calculations we can conclude that
columnar Iicrostructuru found in vacuum evaporated thin films would
produce a significant shift in the performance of the device particularly
when the device is made for narrow band applications. Furthermore, there
could be polarization dependent effects if the films exhibit biaxial anisotropy
or if they are used at non normal incidence. Columnar microstructure
combined with stress and moisture penetraion could lead to greater changes
in the performance of the device. While one could consider such shifts as
potential problems, one ught also design devices with anisotropic films so as
to work favorably, as tuning devices in applications with polarized light.
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Interface roughness cross-correlation laws deduced from
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It is well known today that scattering phenomena in multilayor coatings are of great importance, and we have
already shown how and why it was necessary to understand this mechanism in detail if we want to increase the
performances of optial systems. Among the numerous parameters involved in the calculation of the scattered
waves (roughnsue autocorreltio lert cram-coreticu coofflatent. ai-ices andl thicknsses of the layers.etc.), the cram-correlation laws inside the stack ae esential becaue they a largely responsible for the form and

the magmtude of the flux scattered from a coating. Moreover, knowing these laws provides us with valuable
informtion concerning the gan structur of thin-film materials Tiat we show how same specific effects (such as
the anticattering effect) permit us to determine the crose-correlation laws in the cme of a coatin with a small
number of layers and how a carefully done comparison between theory and experiment can be used to characterizo
the grain size of materials. In the came of a coating with many layers, the phomomena are obviously more
complicated to interpret. Nevertheless, an investigation is possible (using an aluminum-layer technique), asn

4 
we

present our results for a mirror.

INTRODUCTION or optical coatings. In the laboratory, the theory of Bous-
Optical filters are required today to have extremely high quet et al. was developed and computed, and we demon-
performance both for the position of the transmission spec- strated that it was equivalentO to Elson's theory.
tral window (in the case of Fabry-Perot filters used in opti- When scattering originates only from one rough surface,
cal multidemultiplexing) and for the magnitude of loases by we know that through theory and experiment we can deter-
absorption and scattering (especially for laser mirrors), mine the autocorrelation function of the surface defects4iA

7
;

The monitoring and production techniques of these filters this is an accurate method to characterize the optical polish
obtained by vacuum evaporation of dielectric materials have on the surface of an absorbing material. On the other hand,
been considerably improved, and it now appears that the such a method cannot be applied to the case of a multilayer
main key factors that limit their performance lie in the fine optical coating, because we must take into account both the' microetructure of the materials that the stack is made of: roughneses ofeach interface and the cross-correlation func-
absorption, surface scattering, volume scattering, adsorp- tions between these interfaces. The knowledge of these
tion, anisotropy, inhomojoneity, oxidation, and stress; these cros-correlation laws is of a fundamental interest, since
are all factors that can be responsible for the differences these laws are mainly responsible for the shape and the
observed between theoretical calculation and experimental magnitude of the scattering distribution. Moreover, these
results, laws can provide us with valuable information concerning

We are interested here in the study of light scattering from the fine microstructure of thin-film materials. Neverthe-
structure irregularities of the interfaces of a multilayer less, their determination is rather difficult becuse the num-
stack, according to the commonly admitted hypothesis

t 
that ber of parameters involved is high (the scattering calculation

it is I order of magnitude higher than scattering from the for a p-layer stack involves 5p + 4 parameters). We show in
bulk of the evaporated materials. For this purpoe, our this paper how the use of particular techniques, such as the
laboratory in Marseilles has developed an extremely high antiscattering effect and the deposition of a thin opaque
performance apparatus2 

that can measure, in each direction metallic layer, enables us to investigate the roughness of
of space, the scattered flux of some billionths of the incident each interface and the cross-correlation laws between these
flux. However. it is obvious that a detailed analysis of ex- interfaces. The origin of roughness is discussed along with
perimental results requires the use of a vector theory of light its associated cros-correlation law. We consider both the
scattering from rough surfaces, which takes into account the influence of the substrate defects and that of the fine micro-
polerization states of the incident and scattered light. structure of the material. This work refers to numerous
Among the vector theories of light scattering from slightly studies that were previously carried out; the overall view-
rough surfaces, the theories of Elason

a 3 
and Bousquet e al.4 point given here permits us to understand the key scattering

ar noteworthy because they can also be applied to multilay- parameters.

0740-324/7/71087-0780200 01067 Optical Society of America
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ORY AND CROSS-CORREIATION AW&
UENM4CE OF TM MCROMUC-TUrM OF I

A detailed analysis of the experimental results requires a ,
good knowledge of crss-correlation laws; let us recall cer- - _ _ _ _

tain facts. The present paper points out that the coherence Fig. 2. The surface profile h can be considered to be the resut of
of scattered waves from different interfaces depends on the thsuem aton of two functions. h, and ht', of large and small
scattering direction. We deal with the origin of roughnesa st periods, respectively.
and with the influence of the fine microatructure of the
material. izs small-period defects, which give rise to scattering at

} large &nmies. 0.
Autocorrelatlon Function and Roughness Spectrum
Since a slightly rough surface can be considered to be the
result of an infinite sum of gratings, the scattered wave that Crost-ro atlon Functions: Influence o the
can be measured at infinity in a direction (, 4) of spece (Fig. MIcrthe cme of Materads
1) is due to the presence, on the rough surface, of a sinusoidal In the case of a multilayer stack, each rough interface isa
grating with grooves perpe to the scatterng pIA source of scattered light, and we must consider the multiple

(4). The magnitude of this grating is twice the modulus of reflections of each scattered wave throughout the entire

the Fourier transform of the function h that describes the stack. Moreover, interferences can occur among these vari-

surface irregularities. The grating period is c - 2tkinder ous scatering surcs, for which reason we introduce cros-

normal incidence, where a - li is the spatial frequency correlation functions, which take into account the degree of

under study, that is, coherence among the waves emitted from different inter-
faces. The expression of the scattered intensity can then be

= 2r . t[cog written as

whore A is the wavelength under study in the incident medi- 1(9,4) + I ai j'. (
um (air). i- ,

Then the scattered intensity can be written as the product where the a coefficients (ideal coefficients) are given by
of two factors I(, 0) = C(O, ) "-(. 4), where the first factor theory and depend only on the indices and thicknesses of the
C, which is calltd the ideal coefficient, depends only on the layers and on the illumination and observation conditions.
indices of the two media and on the illumination and obeer- The y term represents the roughness spectrum of interface
vation conditions (wavelength, incidence, and polarization). i and characterizes the statistical properties of the surface
The roughnm spectrum -., which contains all the informa- defects. If we suppose that the scattered waves from differ-
tion related to the surface defects, is the Fourier transform ent interfaces show no degree of coherence, intensity is re-
of the autocorrelation function of the surface irregularities. duced to

For more convenience, this roughness spe-trum is usually
approximated in the range nf measurable spatial frequencies I(, ) - II

with the Fourier transform of the sum of an exponential and
a Gausian function, of parameters (6. L) and (, L,),
respectively. This can be interpreted in &he following way. which shows that the -yi' terms of expression (1) take into
the surface profile h is due to the superposition of two inde- account the interferential phenomenon between the waves
pendent functions hi and h:' (Fig. 2), of large and smail scattered from interfaces i and j. In other words, - repre-
spatial periods, reapectively. The exponential function sents a degree of similitude between the profiles of interfaces
characterizes lare-period defects-responsible for scatter- i and j and takes into account the coherence between the
ing at small angles--while the Gaussian function character- waves scattered by these two surface defects 'Y is the

Fourier transform of the cros-correlation function between
the hi and h, profiles of surfaces i and j.

ki Let us now develop these terms; a a multilayer stack is
8o obtained by vacuum evaporation of materials with small

thicknesses (of the order of the wavelength), we can imagine
I a relation between cause and effect for the roughnees of

S lthe various interfaces. Lat us write, for instance,

I "  where the symbol (.) indicates a correlation product.

We thus obtain by Fourier transform

" 'where a~i(u) -TFra,(x, y)] and aj + ;,j - 2 reel pert (,ie).
Fig. 1. Reference coardinmais for theusattered wave vectors. Hence we can see that each spectral component of the
an axis norma to the mean plane of the rough surface. profile of interface j is a spectral component of the profile of

II
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interface i multiplied by a aq coefficient, depending on the We must notice now that the model given by relation (2) is
spatial frequency in question. That is, that each sinusoidal not applicable in the case when there is no link between the
grating of interface i is more or loes exactly reproduced by roughness statistics of the various interfaces. In fact, we
the eporae layer, and the relative ratio of the magni- must take into account a residual roughness originating from
wds of those two gratings is taken into account by a cross- the fine microstructure of the materials that has only large
correlation coefficient, depending on the period of the prat- spatial frequencies (scattering at large angles). This can being. written asinWe can now expect these cross-orrelation laws to be w t i < h - hi - a, +
strongly dependent on the mirostructure of the materials-
a material with a fine microseuctur will reproduce surface where g, characterizes the residual roughness. We must
defects over the entire range of measurable spatial frequen- asume that all residual roughnsse are statisti-ally inde-
cies (ai close to 1), whereas a material with a rather rough pendent, which leads to
microatruutre will not reproduce gratings of small periods
(ai, decreases to vanishing as e increases). Broadly speak- y,, _'r, = , + 1,12,
ing. large-period gratings (analogous to function h1 of Fig.2)

be easily reproduced, where infomtion about so- where the y terms are relative to the preceding model of
can e esil reroduedwheeasinfrmaton bou shrt- relation (2). This means that the scattered waves fromperiod gratings will be lost, depending on the evaporation ret rsda hs at t sha nyrdegee f

conditions of the layers. For this reason. our data-calcula- different reidua roughnesss do not show any degree of
tion proprane dIsociate two spatia-frequency domains, us- coherence; hence, for the scattered intensity, we have the
ing different cross-correlation coefficients for the exponen- expression
tial and the Gaussian functions.

According to relation (2), we can write 
+

ajj(e) - I. 'j(') = ai(¢)l'i.('), where (9, 0) is related to the model of relation (2).

Let us remark that the evaporated layers do not reproduceand then for the scattered intensity residual roughneaes, that is, si - ai = 0. A good helpful
1(,* 'Ijy -2" .oa,)yP representation of such a phenomenon is given in Fig. 3.As a conclusion, we can see that the crose-correlation laws

i<j can depend strongly on the origin of roughness; such rough-
where the symbol f is the conjugate complex number of . nm can be due to two different phenomena that occur in

So we say that a, represents the degree of coherence two different spatial-frequency domains. It can be either
between the waves scattered from interfaces i and j. This the result of surface-defect reproduction (large-period de-
coherence depends on the spatial frequency concerned and fects are reproduced, and the associated cros-correlation
hence on the scattering direction. coefficient is close to unity) or the effect of the grain size that

It is also common to consider aq to be a constant real characterizes the fine microstructure ot the materials (such
number over the entire range of measurable spatial frequen- residual roughness introduces small-period defects, and the
cies, which means that the aq function is close to a Dirac associated cross-correlation coefficient is close to zero). We
function and that the profiles of the interfaces i and are now see how it is possible to investigate both roughnesses
nearly proportional: hj aiihi. and cros-correlation coefficients for the case of a multilayer

stack.

2 CASE OF A SINGLE I.AYEL USE OF
ANTISCATIMENG EFFECTV.h A first approach of the cros-correlation coefficient can easi-
ly be obtained in the case of a single layer (Fig. 4). We know
that the total integrated scattering from a single layer is
strongly dependent on the cross-correlation function be-

gel 2 tween the two layer roughnessss.U An analytical calcula-
tion'0 enabled us to demonstrate that the deposition of asingle layer upon an absorbent suberate-in order to elimi.
nate scattering from the back surface of the subetrate--can
lead to an appreciable reduction (or even elimination) of
scattering, provided that the two interface defects are per-
fectly correlated (a0 - 1). Elimination of scattering is =

hl obtained only for layers with optical thicknesses that are

Fg. 3. Reproduction of surface defects by the deposited layer. multiples of a quarter wavelength; in the cue of a quarter-
Large-period defects (function hl) are reproduced well (function wave layer, we must havea low-index material, and the ratio
Pil), with an aociated cross-correlation coefficient dose to unity. of the roughneses is given by
Sbort-pariod defects (function A) are not reproduced; the residual
roughne ct o hle(o is du stothmdirostructueofthemteria, . 2 n 2 

- n2
and the cross-corslatlon coefficient between hi' and hi' is close to hi 2

Zero, no.,. \As
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n0 layers and quarter-wave low-index layers led to reduction of
__ scattering. Moreover, none of the high-index quarter-wave

layers showed reduction of scattering, which is an additional
confirmation of the theory.

For greater convenience, we drew in Fig. 5 the variations ofn cc10 the angular-scattering curve of a single layer of TiO2 as a
function of the top interface roughnes (on the air side), in
the case when the two interface defects are not correlated
(a,0 = 0). We can see that scattering s never reduced, even
in the case when the top interface is ideally flat (5o - 0).

n1 This theoretical result (using ale - 0) is in complete dis-
agreement with the experimental resuit of Fig. 6, where

two.4 interfas ngllyr Is dlaeterugosasof scattering has been reduced to 58% of the substrate-scatter-te inuerface a is the cn -corolare s etiv entbelty e ing value. Then we can conclude that the cros-correlationthat* sufaces n, no, adP n, respectively, the indices of" the

layer material of the incident medium (air), and of the sbstrate. coefficient between the two roughneases of a single layer is
close to unity. The aluminum-layer technique" enabled us

0-. 1 o N .sre 0 to calculate the top-interface roughnesas of this layer and
hence to verify that the ratio of the roughness was within

the antiscattering range, which is another confirmation of

to- thetheory.
so 0.8 Because they are responsible for nearly 80% of the total

integrated scattering, we have dealt until now only with
0
"  

" 0.5 large-period defects, and we gave alo a constant real value
10-3 60 0.2 over this period range. In the cme of an antiscattering half-

wave SiO2 layer, we observed (Table 1) a decrease of the
60 - 0.0 scattering ratio while the scattering angle became larger.

I O-
4  bare This is probably due to a decrease of the cross-correlation

substrate coefficient as the ipatial frequency increases, but it is not
obvious. For ZS, for instance, we sometimes observed

8 
an

increase of this coefficient at large scattering angles, which
can be due to a microstructure with grains of large lateral
dimensions.

An interesting feature of the antiscattering effect is that it

0 30 60 O 120 O50 IeO
O .DE .) qW OP.CaS 0

Flg* 5. Angular-scattering curvee of a si*l layer of 71Oh with

optical thickoess X. calculated for different values of the top-inter-
face roughnes, in the cose of uncorrelatad interfaes. We observe
no antiscattering effct. BRDF coe 0 is the scattered flux per unit
solid aigle and per unit of incident flu. The wavelength understudy is A - 0.6 om., -

In the coo of a half-wave layer, the material must be a high. bare substrate
index one, and the ratio of the roughneases is given by ,-:.

0m n2 - ,t$2

o n
2 
-noq ao so 8 go soe , (deg)

Furthermore, the theory gives us the whole range of the Fig. 6. Mean plane section of an angular-cattering curve mea-
values of this ratio [a 5 (h0/6) - b] for which the deposition sured from a On'h layer with optical thickness X. Scattering is
of a half- or e quarter-wave layer leads to a single reduction reduced to 58W
of scattering. I - [a. b] is called the antiacattering range.

In most cam, we find that I = [0, a], with a z 1. This Table 1. Variation of the Scattering Ratio Before and
means that an antiscattering effect will occur, provided that After Coating in Different Angular Sectors in the
the evaporated layer reproduces the substrate defects with- Case of a Half-Wave 8102 Layer
out increasing their magnitude (which is more probable) and Anular Scattering Rat
that the cross-correlation coefficient is close to unity (homo- SAector (deg)

thetic surfaces).
The numerous layers that have been produced in our lab- 0-10 96

oratory with five different dielectric materials !MgF2, SO , 10-30 96
Nar(AIFs), TiO2 , and ZnSJ show an excellent agreement with 30- 50 92

theory (in the casm of homothetic surfaces) and experi- 50 70 75

mentll Except for ZnS. nearly all the half-wave high-index 70 -90 20
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-' . scattering (Table 2); but if the substrate is of too high quality
(sample 1), there is no antiscattering effect; the deposited

K layer cannot reproduce the defects of a substrate of low
scattering (9 pata in 10'). that is. of small roughne (0.7

(a) nm), which is a limit that is due to the TiO2 microstructure.

o-3 CASE OF A QUARTER-WAVE
s33TRaATI OF SIOe QUALI MU.TM ZC MIRROR. USE OF THE

ALUNINUM-LAYER TECHNIQUE

Scattering distribution from a multilayer coating is not easy
to interpret, because it does no seem possible a priori to

bas s t isolate the flux scattered from only one interface. In the
case of a quarter-wave multidielectric mirror, such a prob-
Ism is slightly simplified by the fact that scattering has its

10' __ _ _....origins in only two surface roughnesses where the electric
0 30 so So ISo I SO C field, which is the source of scattering, has its maximum)1

We previously showed that roughnes. and cross-correa-
-. so . tion coefficients could depend strongly on each other, thus

we must first deal with the origin of roughness in the stack.
In order to demonstrate the influence of the substrate de-

, o-- fects, we produced, under similar conditions, two identical
quarter-wave TiOM/Si0 2 mirrors of 15 layers on two sub-

(b) stratas of different qualities. The aluminum-layer tech-
0-3, nique permitted us to calculate the top-interface (air-side)

roughness of each stack and then draw our conclusions.
JUBSTATZ OF LOW Q UALITY Indeed.'1 it was demonstrated that it was possible to control

the evaporation conditions of aluminum so that the metallic
layer reproduces exactly the surface defects of the preceding
interface with an accuracy of 0.1 nm in the entire range of
measurable spatial frequencies. Hence a characterization
of the top-interface roughness is obtained by deposition of a

bare subtrate thin opaque metallic layer upon the mirror (in order to
o -eeliminate scattering from other interfaces) and then by char-

a 30 SO SO 20 IO so acterization of the roughness of the air-metal interface,Me mewhich is the same as that of the top interface of the mirror.
Fig. 7. Plane sections of the anulr-ttelfl5 mrwYU insu Some results are presented in Table 3, where we can notefrom a half-wave SiOt layer deposited upon a substrate: (a) of high
quality (total integrated scattering - 5 X 10-4) and (b) of low quality the following-
(total integrated scattering - 107 x 10-). In each case, the angu- For large-period defects, the top-interface roughness of
ler-scattering curve before end after coating are nerly t -ame F or ige-p e t the roughness of s e

each mirror is cose ttthe bare subtrate.
Table 2. Comparison between the Total Integrated This indicates that subtrat defects are reproduced over
Scattering of Three Substrates Before [D(v)] and the entire stack: the production of mirrors with very low'

After ID(k)] Depostien of a TIO Layer with Optical scattering loam requires the use of supermnooth substrates.
Thtckne ?ha As for short-period defects, the top-interface roughness is

I nearly the same for the two mirrors (whatever the substrate
Squality). It is probably a residual roughness that is due toSample DWo (ppm) D(X) (ppm) ()

the microstructure of the top-layer material (TiOt). Let us
t 9.0 46.6 520 note that such a value for the residual roughness shows good
2 61.6 3X.6 58 agreement with the fact that a TiO2 layer cannot reproduce3 127 67.3 53 substrate defects with a roughness les than 0.7 nm (see the

|K lpm = tpet is '. previous section).

can be used to characterize the fine microstructure of thin- Table 3. Influeae of Substrate Defects on the
film materials, For example, a SiO2 layer because of its fine Tow-Interface Roughness of a Mirror
microetructur will exactly reproduce substrate defects, Sampl Top nterface
whatever the quality of the polish; therefore, because the (m) (1m)
two interfaces have identical roughnessa, the two angular- . . 0.1; 3000 0.8; 2500
scattering curves before and after coating (Fig. 7) are nearly S, Ls <0 1.1; 200
the same (I - [0, 11 for a half-wave SiO.2 layer). On the other
hand. a Tie.O layer with a rather rough microstructure will Al L, 3; 2000 2.& 2000
reduce the substrata defects and hence the total integrated , LN 0.5; 180 1; 200

____-__
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INOF caseWe can also verify (Fig. 9) that the deposition of :1 layers
does not modify the roughness anisotropy of the substrate.
AUl these multts show that substrata quality plays a key role

sr ~ in the scattering phenomenon.
We must note that nearly identical results on cross-corre-

lation lw eefudb lo.1

Calculated .I
CONCLUSION

fl~assfWe showed how the use of the antiscattaring effect and
Calculated (6-a) aluminum-layer technique enabled us to investigate the key

parameters of scattering from multilayer stacks. Rough-
neos has its origis in two different phenomena, which occur

_________________________in separate frequency rainges: It can be due first to repro-
an: en ac a-- 1: 5Z cc (DG duction of substrate defects by the evaporated layers (the

Fig 8 Comparison between theor ad experiment in thcsot associated cross-correlation coefficient is than cloe to uni-
multidlelectuic mirror. a =I gves abetter approximuation thasn a - ty) and second to the grain size that characterizes the fine
0. microstructure of thin-film material (a close to zero).

For the coatings that have been produced in our laborato-
- ry, the agreement between theory and experiment is excel-

lant in the case of perfectly correlated interfaces. Such a
/ * result is not surprising if we note that the layers have a
{ .. e' - .thickness of the order of 0.1 gm, while defect periods respon-

Ssible for practically the whole scattering lie approximately in
go* :f go 9 th rnge (5-20 u'm) and hence will probably be reproduced.
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Reducing losses in optical coatings implies a search for optimal ra-
lization conditions of multidLelectrLc coatings to obtain minimal absorp-
tion and scatterina. Numerous works have been devoted to the absorption
problem. Here we deal with scattering minimization. Scattering from a coa-
ted substrate is a function of numerous factors that can be successively
measured: substrate roughness, interfaces roughness, cross-correlation
state between interfaces. First, the substrate roughness is determined by
scattering measurement before coating. Then, the interfaces roughness
depends on the grain size of the material in thin film form. For a given
material, we find that the grain is, in a large extent, function of the
preparation conditions of the layer. And mainly, when a whole layer stack
is concerned, the spatial distribution of the scattered light depends on
the cross-correlation state between successive interfaces. With a scatte-
ring vector theory and an apparatus for measuring scattering curves at
our disposal, we can show how it is possible to determine the interface
roughness and the cross-correlation state, by a systematic comparison
between theory and experiment. In order to eliminate any ambiguity in in-
terpreting the experimental results, we must work with multilayer stacks
the design of which is chosen so that the scattering curves have an
aspect very different according to the cross-correlation state.
Key words: interface correlation; multilayers; optical filters; roughness;

scattering.

1. Introduction

Though many works /1,2/ have been devoted to the study of absorption in opti-
cal multilayers, there are many applications (mirrors for lasers and avrolasers,
Fabrv-Perot filters for optical multi-demultiplexing, ...) where scattering losses
are mainly responsible for the limitation of filter performances. So we are dealing
here with light scattering from surfaces and interfaces of optical multilayers.fWe have already described the experimental /3/ and theoretical /4/ tools we
developed in Marseilles for this study; let us recall that the scattering distri-
bution can be measured in the whole space (25 000 data points), and then interpreted

* by matching the parameters involved in the theoretical model. Owing to these two
tools that are theory and experiment, our investigations in scattering phenomenon
have well gone forward:

- In a first stage, measurements of scattering from only one surface enabled us
to show /3/ that the roughness spectrum, which characterizes the surface defects/S/
is independent of the illumination and observation conditions; such results are in
•qood acreement with theory.

- Then we were interested in the study of scatterinq from one single layer /6,
7/, and we demonstrated that a deposited layer could exactly reproduce the substra-
to defects, provided that the deposition co.iditions have been well adapted. In such
a case, the two interfaces (air/layer) and (layer/substrate) are quasi pror-ortional
and their cross-correlation coefficient is close to unity: the scattered waves from
one and other interface are in phase cancellation, which leads to reduction of total
integrated scattering ("antiscattering effect"). Then, by studying the ratio of the
top interface (air/layer) roughness to the substrate roughness, we obtain precious
information concerning the mcrostructure of the material in thin film form, and
especially on the grain size which characterizes this microstructure.

- In the case of a multilayer mirror, the Aluminum technique /8/ pointed out
the fact that roughness has its origins in two different phenomena: it can be due I
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to reproduction of suerata defects (case of perfectly correlated surfaces) or to
the material microstructure (case of uncorrelated surfaces).

Now that such information is at our disposal, the question is to know whether
it is possible to generalize "antiscattering effect" to multilayer systems, owing
to destructive interferences between scattered waves. It is obvious that the first
problem lies in the choice of the multilayer design; but as far as we know that
scattering will only be reduced with perfectly correlated surfaces, we have first
to make sure that we control the different parameters involved in scattering pheno-
menon. In spite of numerous results /9/ we obtained concerning the cross-correla-
tion coefficient between interfaces, the determination of these parameters and of
the associated rouqhnessas remains a difficult problem /10/, especially if the
number of layers is high.

We show here how we can solve this problem, by using specific multilayer de-
signs deduced from theory. The scattering of these stacks is so sensitive to the
scattering parameters that we can determine them without any ambiguity. Such multi-
layers are then produced, using Ion Assisted Deposition, and both cross-correlation
laws and roughnesses are deduced from scattering measurements. It then appears that
we can characterize our depositiun conditions with accuracy, from a point of view
of scattering.

2. Search of specific multilayer design

In this section, we only present theoretical results, for a sample illuminated
in natural light at normal incidence. The wavelength under study is Xoa 630 nm. The
study is limited to scattering in the half space containing the specular reflection
direction. We do not describe the analytical calculation that enabled us to choose
the multilayer designs; we only verify by numerical computation that such desions
are well adapted to our study.

The idea lies in the fact that (as an analogy with antiscattering effect),when
a half-wave (Aa/2) hiqh-index layer is deposited on a substrate, the scattered
waves from the new interface (lair/layer) are in phase cancellation with those of
the (layer/substrate) interface, which minimizes scattering losses. So we can ex-
pect that .the same effect will occur if we deposit an odd number of successive al-
ternated high- and low-index half-wave layers on a substrate: as the modulus of the
electric field is the same at interfaces (Fig. 1), the corresponding scattering
sources /11/ have magnitudes that are nearly the same; therefore scattering will
be reduced, provided that these sources are in phase cancellation two by two.
Obviously such phenomena only occur in the case where the interfaces are perfectly
correlated; in such a case, we demonstrate (using analytical calculation) that
scattering in the specular reflection direction do not depend on the number of
layers. From a point of view of total integrated scattering, such results remain
identical, as it is shown in table I:

For perfectly correlated surfaces and identical roughnesses at each interface,
scattering losses do not change before and after coating, whatever the number of
layers of the stack. On the other hand, we find in the case of uncorrelated surfa-
ces that scattering losses are very sensitive to the number of layers: with 11
layers for instance, such losses are 138 times higher than that of the substrate
before coating. It then appears that specific half-wave multilayer designs will gi-
ve us access, using a careful comparison between theory and experiment, to the key
parameters of scatterinq.

Figure 1:
Scatterini ohenomenon in a multilaver AirSusrt
stack made of an odd number of alter- % V I
nated half-wave (X*/2) high index
(29) and low-index (2L) layers. We
have plotted the square of the modu-
lus of the electric field inside the
stack. The sample is illuminated at

- 630 ne. The value of this field
at interfaces is strongly related to
the magnitude of the corresponding
scattering source. 2H M 2.
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Table 1:

Scattering losses D i~ntegrated in the half-space containing the specular re-
f lection direction, calculated before and after deposition of an add number of
alternated half-wave hiqh-lndex (2H) and low-ndax (2L) layers. The substrate is a
usual glass with refractive index ns - 1 .52. The muaterials are T1O2 and S1O 2 . N 3s
the number of layers of the stack. Scattering is calculated at the wavelength X0 -
630 rnm in the case of identical roughnesses at each interface, for two extreme va-
lues (a - 0 and a a 1) of the cross-correlation coefficient between interfaces. D,
and DI are scattering losses that correspond to a = 0 and a = 1 respectively.

In the same way, ne and n, are the ratio of scattering after coating to scat-
taring before coating, respectively for a - 0 and a = 1. For these theoretical re-
sults, we assume that the roughness spectra at each interface can be approximated
with the Fourier Transform of the sum of an exponential and a gaussian function
/3, 8/, with respective parameters: (6exp, Lexp) = (1.5 nm, 2000 rm) and (da, L,)-
(1 m, 200 rim)

3. Experimental results

We produced the preceding specific multilayers using Ion Assisted Deno.ition
/12, 13/. The materials are TiO2 and SiO 2 . In order to noint out the Possible in-
fluence of the substrate aualitv, each multilaver was simultaneously Produced on
three black alasses with very different micropolishes. Scattering of every sample
was measured before and after coating, at the wavelength Xa - 630 rnm. The experimen-
tal results are presented in Table II, and they are concerning stacks that have one,
three and five alternated half-wave (Xo/2) high-index and low-index layers:

Son 16 h- D.410 ] 0 1

A27 8.9 2H 13.6 1.S3

Table I!: A ;41.6 2H 9.5 0.:3

Measured scattering losses
from rough samples before A23 82.6 18.9 0.23
(DII)and after (DT) deposi- i, - . 0
tion of an odd number of A1i 9.7 2H 2L 22 17.9 1.85

alternated half-wave high- 
_Index (2H) and low index A i 1 lZI2 9 IOZ

.(2L) layers. The materials
are Tie2 and SiO2. All
substrates were usual opa- A32 80.6 2H 2L2H 16.6 0.21
quo glasses. Scattering is
measured at the wavelength A36 25.2 2H1 2L 2H ZL.23 39.7 1.58
Ace 630 rnm. n is the ratio I I
of scattering after and A21 42.0 222H=.H 13.5 0.32before coating: n DT/DN . 4. 22.4n H1.5 03

A33 j 110.5 j 2H2.2H.23 j 15.9 j 0.14Ii



First we notice that a unity value of n (predicted by theory in the case of
identical roughnesse and perfectly correlated surfaces - see Table I) is not
obtained. However, the curves of figure 2 and 3 will give us a complete understan-
ding of these results.

Figure 2: n(a)
Calculated variations of the ra-

tio n - DT/DN (scattering after coa-
ting/scattering before coating) as a
function of the cross-correlation coef-
ficient a between interfaces, in the = 3
case of identical rouqhnesses at each
interface. These results concern mul- N 5
tilayer stacks made of an odd number
of alternated half-wave (Xo/2) high 40

L index (TiO2) and low index (SiO2 )
layers. Scattering is calculated at
the wavelength Xo - 630 nm. N is the 20
number of layers of the stack.

0 .2 .4 .6 .8 1

In figure 2 we plotted the calculated variations of the ratio n (scattering
after coating/scattering before coating) as a function of the cross-correlation
coefficient a /9/ between interfaces, in the case of identical roughnesses. Let us
remark that, whatever the number of layers, only the value a - I (correlated surfa-
ces) leads to a unity value for n: it is not possible to reduce scattering without
modifying the interface roughnesses.

10
n(Sj1S, )

80 8

Nasecase a.

606

N-3

40 4

2- / N-3

10. Sj /69 " /"

0 .2 .4 .6 .8 1 0 .2 .4 .6 .8 1

Figure 3:
Calculated variations of the ratio n- DT/DN as a function of the ratio (dj/is)

of the roughness at interfaces, for two extreme values of the cross-correlation
coefficient between interfaces. Figure 3a corresponds to a = 0, while figure 3b
correspond. to a = 1. The stacks are made of an odd number of alternated half-wave
(Ua/-Z) high index (TiO2) and low index Si0 2 layers. Scattering is calculated at the
wavelength Xo - 630 rn. We assumed that all roughnesses 6j at interfaces (except
that of the substrata) were identical, but smaller than the roughness substrate;
then the ratio (Sj/fs) is in the range [O; iJ.

ila



Figure 3 gives us the calculated variations of n as a function of the ratio " li(interface roughness Sj / substrate roughness 6 5 ), for two extreme values (a ;05and a - 1) of the cross-correlation coefficient. Whatever the number of layers, thecase of uncorrelated surfaces (a = 0) never leads to reduction of scattering: the
smallest value for n is greater than 10 in the case * - 0. Such results obviouslyshow the interest of the preceding half-wave multilayers for the study of thescattering parameters: the curves a - 0 and a - I act more different as the number
of layers increases.

Let us now interpret the experimental results of Table ZI by comparing them
with the calculated values of figures 2 and 3.

(2K) desirns
The conclusions are presented in Table III. The case of uncorrelated surfaces

is never possible, whatever the roughness at interfaces. For A23 and A29 samples,
the only interpretation is:

a a 1 and 6j/63 close to 0.7 ou 0.8
As for the best micropolish (A27), correlation must be perfect (a 1 1) but the
roughness is close to 0.5 or 1.

Sample A27 A29A2

(9 10') (42 10-6) (8310-6)

1 1.53 0.23 0.23

-1.0 No solution No soluton
(8j = 8s)

8j / 8s  No soluton No soluton No solunon

(L = 0)

/8 s  -. 5 or - 1.0 -. 7 or -.8 -. 7 or -.8

Table III:
Interpretation of the experimental results of Table 11 for a (2H) stack

with the help of figure 2 and figure 3. We give below each sample the scattering
before coatina (A27 has scattering losses equal to 9 10-6 for instance). n is theratio of scattering after and before coating: n - DT/DN. The value of a(6 1 =d ) isdeduced from figure 2, while the ratio Sj/ds(a-0 or a-1) is deduced from iigure 3.

(2H 2L 2H) and (2R 2L 2H 2L 2H) designs
The conclusions (TablesIV and V.) are exactly the same as the preceding of

Table III. Experiment can never be interpreted with uncorrelated surfaces. For the
samples (A22, A32, A21, A33), we find that a U I and dj/63 close to 0.7 or 0.8. As
for the best micropolishes (A31 and A36) a is close to unity but Sj/69 can be 0.5
or 1.

So we conclude for these multilayers that interfaces are oractically homothe-tic: our deposition conditions lead to a cross-correlation coefficient near unity;
As for the roughness, we find a slight diminution with respect to the substrate
rou.hness; it would be interesting to control such reduction by adaptina the ion
beam power during the assisted deposition.

j



SAM* A31 Ar A32
(10 10-) (40 10t) (eI 10

I .S OX 0.21

-1.0 NosOM No soLunon

/5 s Nsba oono oouo

(a-0)

-. 5 or- .0 -o,-. -. 7or-.s
(m- 1) 1i

Table IV:
Interpretation of experimental results of Table II for a (2H 2L 2H) stack,

with the help of figures2 and 3. We give below each sample the scattering before
coating. n is the ratio of scattering after and before coating: n - DT/DN. The va-
lue of ((dj-6 s ) is deduced from figure 2, while the ratio dj/Ss(a-0 or a-I) is de-
duced from figure 3.

Sauz* A36 A2 1A3
(25 1t (42 lt a1ll lot )

t 1.58 0.32 0.14

-1.0 No usnn No soluton

No solion No soluto No soluton
(a-0)

_____ - 10 ..S -oL -,7-.8 -. 7 r-.8

T.able V:
Interpretation of the experimental results of Table II for a (2H 2L 2H 2L 2H)

stack, with the help of figures 2 and 3. We give below each sample the scattering
before coating. n is the ratio of scattering after and before coating: n = DT/DN.
The value of a(6j=6s ) is deduced from figure 2, while the ratio dj/Ss(a-0 or a=l)
is deduced from Eigure 3.

4. Conclusion

We were interested in an attempt to generalize antiscattering effect to mul-
tilayer systems. As far as such effect only occurs in the'case of perfectly corre-
lated surfaces, the first difficulty was to determine the key parameters of scat-
terinq, in order to possibly control them in a second stage. we demonstrated how
the use of specific half-wave multilayers enabled us to determine both cross-corre-
lation coefficients and roughness at interfaces: for the coatinas produced by ion
assisted deposition in our laboratory, we find a perfect correlation between inter-
faces and a slight reduction of interface roughness with respect to the substrate
roughness. I
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now that we have such information at our disposal, we must introduce scatte-
rina parameters in the filter design conception to obtain simultaneously well defi-
ned spectral properties (a high reflection coefficient for instance) and minimal
scattering losses; we have the theoretical tools for this type of study.

From a point of view of experiment, we must not forget that it is - -' pos-
sible to modify the preparation conditions of the layers obtained by ion assisted
deposition. To which extent is it possible to control the roughness at each inter-
face? The ideal would be to produce multilayers with rouqhnesses that exactly cor-
respond to a criterion of minimal scatterina losses. Then, in spite of the unavoi-
dable substrate defects and the grain size of the materials in thin film form, we
could appreciably reduce scattering in optical multilayers.
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Usum: Las performances spectrales des filcres interfirentiels A bands 4croi-
te sont essentiellemant limities par des ddfauts de stoechiomdtrie at do mi-
crostruncurse des matiriaux constituent lea couches. Des mesures d' Vindices
effectudes s= un Large domains spectral sous vide, puis A 1'air, pormotant
do ddtecter ls effete de V'adsorpcion d'humiditd sur les performances spec-
trales des filtres. Des calculs de simulation ot des rdsultats expdrimantaux
sont utilids. conjointment pour 4tudier la prdcision du contro-le de la for-
motion des empilements.

i I- flTODUCTION
Narrow bandpass interference filters have been proposed to solve the

problems of multiplexing or demultiplexing in optical telecommunications. More
precisely, it concerns layer stacks of Fabry Perot type with multiple cavities.
The high contrasts required are then obtained by coupling in series three Fa-
bry Perot filters centered on the same. wavelength (Triple Ralf Wave multilayer
systems) /I/. The interest of chese solutions and their ability to be realized
have been demousrated by using classical materials (ZnS/Cryolite) which are
easy to evaporate /2/; but, unfortunately, they have not good mechanical pro-
parties. So we have developed the manufacturing of these stacks with more hard
materials. These are essentially oxides (TiO2/Si02); and the main difficulties
lie in the particular evaporation conditions which have to be used to realize
layer stacks with good optical qualities. In particular, the thin film refrac-
tive index values change between vacuum and air and these phenomena have to
be taken into account in order to realize complex layer stacks with accurate-
ly defined spectral performances.

II - TECU ILOCY USED FOR THE REALIZATON OF Ti02 AND Si02 LArS

These macerials have a tendency to be decomposed during their evaporation
condensation. So we are induced to carry out the evaporation under a residual
oxygen pressure, to heat the substrates at a high temperature (300-350*C) and
to adjust deposition rates. Consequently, the stoichiometric composition and
the microstructure of the Layers which condense on the substrates tightly de-
pend on these parameters /3/.

During the first contact with air, the optical properties of the coatings
realized under vacuo appreciably change owing to oxido-reduction reactions and
moisture adsoration in the layer porosities /4/.

Characterization techniques which are at our disposal in our laboratory
help us to overcome these difficulties. A measurement technique, henceforward
classical, leads to the refractive indices and absorption coefficients which
are those of the layers exposed to air /5/. An in situ characterization me-
thod gives access to informations which previously passed totally unnoticed
since it permits to measure refractive indices during Layer formation /6/.
So it has been shown that the condensation conditions not only deateine the
layer indices, but also the increase of refractive indices due to moisture



adsorption /7/. We musc also add that absorption coefficients are never to-
tally negligible. Their values also depend on condensation conditions and are
difficult to detarmina with accuracy. We quantify the effects of moisture by
means of refractive index relative variation, dafined as:

n(X) - ( Xn(X) - nv(X) } / na,()

in this relation, naCX) and av(X) are, for each material, che refractive in-
dices masured in air and under vacua for the wavelength X. This way of quan-
tifying adsoption is convenient because it directly accounts for the relative
increases of layer optical thicknesses.

III - APYICATION TO 'M REALIZJTION OF CM(PLEX LAYER STA.CZS
The eumiples given here concern filters with the, structure:

Slas/( UL L 3L KL LK) T (R L RL R L RL R) L (H L 3 HL K L )L

centered, under vacua, on Xv - 632.6 am. With this notation, E and L respecti-
vely represent TiO2 and SiO2 layers of optical thickness Xr/4 .

A) Figure 1 concerns a filter realized with condensation conditions which
Lead to very Low absorption losses. We can note that under vacua the optical
properties are reasonably pod. The tolerances of realization have been ras-
petted. Let us recall chat the layers of the stack must have an optical thick-
ness of X,/4 to within some parts of a nanomter. But here, the relative in-
creases n(l.) of the refractive indices of the two materials are not identical
N(TiO2 )(Xv) - 4.8 Z and n(Si2)(Xv) - 7.1 2. And so, in air, the stack is no
more constituted of quarterwave layers and we can observe an important decrea-
se of the spectral performances. In fact, the final result will be good if the
stack that was quaterweve under vacuo (X/4) remains quarterwave in air (Xa/4).
Then we have to adjust the parmeters involved in layer production so as the
ratio n(Tij 2 )(Xv)/n(SiO2 )(X) would be close enough to unity in order to be
compatible with the tolerances of stack realization. Putting the filter in con-
tact with air will only induce a shift of the cantering wavelength. Let us em-
phasize that searching for optimal evaporation, conditions has co be made ca-
king account of the values of refractive indices that are finally obtained.

* Indeed, we can show that the cross talk attenuation of the filters is all the
ore good as the ratio between T1O2 and SiS 2 indices nriO2 /nsi02 is high.

B) The fabrication conditions of the filter given as a second example (Fig.
2a and 2b) have been adjusted so that i( v) 3.8 ( and fl5£o)_(v)- 3.5%.
Fig Za gives the optical properties under vacua, after that the p.L nt has been
brought again at room temperature. We can see that, owing to an uncompleted
layer oxidation, absorption losses are no more negligible (Fig. 2a). The maa-
sured optical properties are compared with the calculated ones assuming quarter
wave layers and using the index values measured for chese deposition conditions.
Material extinction coefficients have been determined by simulation calculations.
The values ltT£Q ) k 3. 10-3 and k(SiO,). 1.5 10-3 can explain the losses no-
ted in the filtai transmission wndow.I.e to the monitoring quality, we can
observe a good agreement between calculations and mesuremants. Nevertheless,
this absorption is too week to perturb the layer deposition monitoring /8/.

Optical properties plotted two days after contact with air are given in.
Fig. 2b. Absorption losses have almost disappeared. In addition, the expected
optical properties are well consistent with the result obtained. In these cal-
culations, it has been supposed that the layer mechanical thicknesses are not
affected by moisture adsoretion. Refractive index values and extinction coef-
ficients k(T1O2 ) a I . 10-3 and k(SLO,) a 0 result from measures in air
on layers deposiced in the sam condi ions on silica substrates.

i iii
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Figure 1

("flux ratio" is the ratio between

the flux transmitted by the coated
substrate and the flux cransmitted
by the bare substrata).

m* 4.e UA ~, Design under vacua:

glass/(L 3 L 3 L 11 L R) L (H L 9 L E L 9 L L ) L (I L E L 3 E L R L ) L
a : Ti02 layer of optical thickness XV/4;
L : SiO2 layer of optical thickness X /4; - 632.6 a'

~~&PiZlae :: ~ day of ai2. exosre
(1) optical properties under vacua at room tomperature;(2) Opticael propertcies after two days of air exposure.

The shift betwen vacuum and air of the optical properties is due to moistureadsorption. The related increase of the refractive indices is n 4 4.8 Z for TiO2
S and nl 7.1 Z for SiO2 .

.- 2L - , ,2b-.

JAML&r) C. IMF- .IN-,

Fiue2 u~i~~mc.

Same design and same notations as in Figure 1.
n - 3.8, X for TiO2  n -3.5 for SiO2

2a - under vacua - comparison between optical properties calculated (1) and
measured (2).

2b - in air - comparison becween optical properties calculated (1) andmeasured (2).
We can note - the good agreement between experiment and theory;

- the spontaneous decrease of absorption between vacuum and air. I



IV - COeelUSeON

With Ti02 and SiO 2 , refractive indices and extinction coefficients depend

on Layer formation conditos. This difficulty can nevertheless be easily
overcome if these Optical constants can be measured with well adapted charac-
terization techniques. In fact, th ain= problem &rse when the layer stacks

are put in conact with the surrounding atmosphere. The spontaneous moiscure
adsorption gives rise to index incresaswhich correspond to a shift of trans-
mission curves towards great wavelengths. Tmportant decreases of spectral
performances can than be observed. This difficulty can be avoided if the stack
which is made of quarterwave layers made. under vacua keeps this property when
put in contact with air. This condition is fulfilled by adjusting the forma-
tion conditions in such a way that the refractive index relative-increase of
the two materials remain close from each Other. This can lead to work with
evaporation conditions which give rise to absorption losses. But they do not
perturb the layer deposition monitoring,and'ortunacely, they spontaneously
decrease when the filter is put in contact with air.
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